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The  effect  of  gas  atmosphere  on  the  surface  tension  of 
solid  copper,  the  sintering  force  and  microstructural  evolu- 
tion during  sintering  of  copper  powder  has  been  studied  for 
a range  of  gas  compositions.  An  average  value  of  1380  dynes 
per  cm  is  obtained  when  the  sintering  atmosphere  is  composed 
of  pure  hydrogen  or  a mixture  of  hydrogen  and  inert  gases. 
This  value  is  identical,  within  experimental  error,  with 
values  obtained  by  others.  When  carbon  monoxide  is  mixed 
with  the  hydrogen,  the  surface  tension  of  the  copper  is 
reduced;  this  trend  continues  to  a value  of  1175  dynes  per 
cm  for  pure  carbon  monoxide.  The  sintering  force  is  reduced 
by  both  argon  and  carbon  monoxide  additions  to  the  hydrogen 
atmospheres.  This  effect  is  ascribed  to  the  change  in  the 
path  of  the  microstructural  evolution.  Different  atmos- 
pheres alter  the  competition  between  surface  rounding  and 


densification  mechanisms  during  the  first  stage  of  sintering 
so  that  the  path  differences  observed  are  established  before 
the  onset  of  the  second  stage.  Additions  of  carbon  monoxide 
and  inert  gases  favor  surface  rounding;  hydrogen  favors 
densification. 

Supporting  studies  of  the  distribution  of  curvature  on 
sections  of  the  pore-solid  interface  reveals  simple  regu- 
larities in  the  behavior  of  the  curvature  distribution 
function.  Hydrogen  sintering  produces  a narrow  range  of 
curvature  in  the  distribution,  while  both  argon  and  carbon 
monoxide  sintering  yield  broader  curvature  distributions. 

Initial  investigations  of  the  three-dimensional 
character  of  the  pore  structure  led  to  the  concept  that  the 
node  branch  network  of  the  porosity  is  analogous  to  the 
triple  line-quadruple  point  network  in  polycrystals,  with 
branches  tending  to  meet  at  balanced  angles  of  109°.  This 
concept  has  led  to  the  inference  that  the  evolution  of  the 
pore  network  may  occur  by  a process  that  is  the  analog  of 
the  evolution  of  the  grain  edge  network  during  grain  growth. 
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CHAPTER  I 
INTRODUCTION 

Sintering,  as  it  has  come  to  be  known,  is  a geometric 
change  in  which  a mass  of  separate  particles  becomes  a 
coherent  body.  Like  all  other  processes  in  materials 
science  which  depend  upon  surface  tension  for  their  driving 
force,  it  is  a topological  process,  based  upon  a system  of 
changes  in  surface  contour  and  connectivity.  As  a matter  of 
sintering  practice,  it  is  well  known  that  the  process  is 
sensitive  to  the  composition  of  the  gaseous  atmosphere  of 
the  sintering  furnace,  but  the  reason  for  this  has  not  yet 
been  established. 

Most  of  what  is  known  about  the  atmosphere  effect  is 
centered  upon  the  densif ication  of  the  sinter  body. 

Although  the  shrinkage  measurement  is  important  and  useful, 
it  is  not  a complete  measure  of  the  sintering  phenomenon. 

It  is  essential  to  know  how  the  internal  geometry  of  the 
compact  changes  during  the  process.  This  has  been  the 
objective  of  this  investigation. 

The  first  chapter  explores  two  related  scenarios:  the 

nature  and  degree  of  the  dependence  of  the  surface  tension 
of  copper  upon  the  composition  of  the  sintering  atmosphere; 
and  the  effect  of  gas  atmospheres  upon  the  microstructural 
evolution,  as  determined  by  standard  procedures  of 
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quantitative  microscopy.  The  results  assess  the  primary 
role  of  the  gas  atmosphere  in  the  sintering  process. 

In  the  second  chapter,  the  frequency  distribution  of 
the  surface  curvature,  both  concave  and  convex,  is  investi- 
gated. The  rate  at  which  the  path  of  shape  change  is 
traversed  is  sensitive  to  the  surface  curvature,  which 
manifests  itself  as  a local  thermodynamic  driving  force 
promoting  the  transport  of  matter  through  the  gas  or  along 
the  gas-solid  interface.  The  rate  of  diffusion  transport 
along  the  surface  is  also  subject  to  the  atmosphere. 
Accordingly,  an  effect  of  gas  composition  upon  the  rate  of 
sintering  is  also  anticipated.  The  endeavor  to  understand 
such  an  effect  has  taken  the  course  of  analyzing  the 
distribution  of  surface  curvature  through  each  of  the  stages 
of  sintering. 

The  third  chapter  investigates  the  three-dimensional 
character  of  the  pore  network  by  direct  SEM  observations 
upon  replicas  of  the  pore  structure.  This  study  may  lend 
support  to  the  concept  that  the  node-branch  network  of  the 
porosity  is  analogous  to  the  triple  line-quadruple  point 
network  in  polycrystals,  and  the  evolution  of  the  pore 
network  may  occur  by  a process  that  is  the  analog  of  the 
evolution  of  the  grain  edge  network  during  grain  growth. 

The  relation  of  this  network  decay  process  to  the  rate  of 
densification  will  also  be  addressed. 


CHAPTER  II 

ROLE  OF  GAS  ATMOSPHERE  IN  THE 
SINTERING  OF  SOLID  COPPER 

Introduction 

One  of  the  least  understood  effects  of  gas  atmosphere 
upon  the  sintering  process  is  its  effect  upon  the  geometric 
change  of  the  microstructure  of  the  sintering  body.  It  is 
commonly  understood  only  that  gas  atmosphere  has  an  effect 
on  the  densif ication  rate.  Another  less  understood  effect 
of  the  atmosphere  composition  is  its  effect  upon  the  surface 
tension  of  solids.  Only  a few  measurements  of  surface 
tension  of  solids  in  hydrogen  gas  have  been  reported.  The 
work  described  in  this  chapter  is  the  correlated  pursuit  of 
these  two  related  factors,  namely:  (1)  the  measurement  of 

surface  tension  of  solid  copper  in  a broad  range  of 
sintering  atmospheres  and  (2)  an  examination  of  the  effect 
of  gas  atmosphere  upon  the  microstructural  evolution  of  the 
pore  network  during  sintering.  These  observations  are 
expected  to  yield  a new  perspective  concerning  the  role  of 
atmosphere  in  the  sintering  process,  and  possibly  the 
refinement  of  control  of  this  process  through  manipulation 
of  the  composition  of  the  atmosphere. 
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Theory  of  Sintering 

Formulation  of  a unified  theory  of  sintering  has  been 
proved  to  be  a difficult  task  due  to  the  complexity  of  the 
sintering  process.  It  is  generally  agreed  only  that  sin- 
tering is  a geometric  change  driven  by  the  surface  tension. 

When  clean  particles  are  brought  into  physical  contact 
and  are  heated,  they  tend  to  adhere.  They  weld  at  their 
points  of  mutual  contact.  Under  prolonged  heating,  a stack 
of  powder  thus  consolidated  may  shrink  until  it  has  almost 
the  density  of  the  solid  in  massive  form.  Its  initially 
porous  structure  is  modified,  in  its  surface  contour  and  in 
its  topological  connectivity;  some  of  the  porosity  may 
become  isolated.  These  several  kinds  of  changes  proceed 
simultaneously  and  more  or  less  independently.  Each  kind  of 
change  affects  the  others  in  subtle  ways. 

The  initial  models  of  the  mechanism  of  sintering  were 
based  upon  the  rate  of  the  presumed  process  of  material 
transport,  and  chiefly  addressed  the  question:  "Which  of 
several  mechanisms  is  involved?"  The  popular  view  of 
sintering  has  developed  mainly  along  this  line.  Frankel  [1] 
and  Shaler  [2]  proposed  a viscous  flow  type  of  transport 
without  specifying  in  detail  how  the  material  would  have  to 
move  in  order  to  achieve  sintering.  Somewhat  in  opposition 
to  this  viewpoint  was  that  suggested  by  Kuzynski  [3]  and  by 
Herring  [4],  who  proposed  that  atoms  are  transported  by 
volume  diffusion  in  sintering.  It  was  pointed  out  by 
Mackenzie  and  Shuttleworth  [5]  that  such  a process  would  be 
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much  too  slow  to  account  for  the  initial  rate  of 
densification;  furthermore,  Shaler  [6]  pointed  out  that  it 
is  necessary  for  the  particles  to  move  together  bodily 
rather  than  atom  by  atom.  A special  variation  on  the 
diffusion  mechanism  was  proposed  by  Alexander  and  Balluffi 

[7] ,  who  observed  in  sintered  wire-wound  spools  the  disap- 
pearance of  pores  at  grain  boundaries,  prior  to  the  disap- 
pearance of  intragranular  porosity;  these  investigators 
postulated  that  densification  occurs  by  the  diffusion  of 
vacancies  chiefly  along  grain  boundaries.  Pranatis  et  al. 

[8]  have  attempted  to  develop  this  idea  and  have  suggested 
that  the  particles  could  be  made  to  move  closer  together  if 
the  grain  boundaries  were  to  act  as  vacancy  sinks.  Lenel 
and  Ansell  [9]  emphasized  the  role  of  plastic  flow  on  the 
basis  of  the  argument  that  dislocation  movement  could  occur 
due  to  the  high  surface  tension  forces  at  a small  neck. 
Johnson  [10]  proposed  that  sintering  involves  one  or  more  of 
the  processes  at  the  same  time.  The  overall  behavior  of  the 
sinter  compact  is  the  result  of  interplay  between  these 
mechanisms.  Although  it  is  generally  agreed  that  the  main 
transport  mechanism  in  crystalline  solids  is  a diffusion 
process,  there  is  still  no  consensus  of  agreement  as  to 
whether  the  mechanism  of  sintering  is  volume  diffusion, 
grain  boundary  diffusion,  volume  and  grain  boundary  dif- 
fusion, plastic  flow  or  surface  diffusion. 

The  inability  of  most  of  those  theories  to  penetrate 
the  nature  of  sintering  lies  in  their  simplifications  of  the 
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geometry  of  the  sintering  process.  Those  models  which  have 
been  devised  for  deducing  mechanisms  were  designed  to  deal 
with  an  isolated  unit  of  sintering,  i.e.,  with  the  shrinkage 
of  a single  pore,  or  with  the  growth  of  a single  point  weld. 
It  should  have  been  evident  that  every  particle  is  unique  in 
its  shape  and  size  and  that  the  placing  of  the  particles  in 
the  sinter  body  is  in  no  way  regular,  except  that  they  lie 
in  contact  with  one  another.  This  means  that  sintering  is 
not  a characterization  of  any  pair  of  particles,  nor  yet  of 
any  small  group,  but  rather  is  a property  of  the  particle 
system  as  a whole.  It  is  thus  essential  to  know  how  the 
geometric  change  occurs  and  to  know  how  to  measure  its  rate 
during  the  process.  It  has  been  the  purpose  of  the  topo- 
logical approach  [11]  to  fill  this  gap. 

The  Geometry  of  Sintering 

The  topological  model  views  the  sinter  body  as  a 
network  composed  of  particles  acting  as  nodes  and  inter- 
particle contacts  acting  as  branches,  interpenetrated  by  a 
network  of  porosity  in  which  the  holes  between  particles 
serve  as  nodes  connected  by  windows  between  particles,  as 
illustrated  in  Figure  1.  This  network  establishes  a 
defining  framework  upon  which  the  surface  of  the  solid-void 
interface  is  stretched.  Under  the  driving  force  of  surface 
tension,  the  surface  contour  change  is  always  such  as  to 
minimize  the  surface  energy  of  the  system  for  the  prevailing 
topological  configuration.  Combining  this  model  with  metric 
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( a) 


Node 


(a)  Scanning  electron  micrograph  of  a partially 
sintered  body.  Volume  fraction  of  porosity  is 
0.34.  (b)  A node-branch  network  represents  the 

topology  of  a partially  sintered  aggregate. 

(c)  represents  the  conjugate  porosity  network. 


Figure  1. 
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parameters,  the  entire  sequence  of  sintering  from  loose 
stack  (or  compact  stack)  to  dense  mass,  can  be  fully  and 
precisely  characterized. 

The  application  of  descriptive  topology  separates  the 
structural  evolution  into  three  stages.  This  separation  is 
based  on  the  variation  in  connectivity  of  the  void  phase 
with  increasing  density.  Experimental  evaluation  of  this 
parameter  for  the  48-micron  copper  powder  [12]  is  presented 
in  Figure  2.  The  formation  and  growth  of  interparticle 
contacts  constitutes  the  first  stage  of  sintering.  In  this 
stage  the  independent  processes  of  surface  rounding  and 
shrinking  should  proceed  without  affecting  the  connectivity 
of  the  pore  network.  However,  as  evident  in  Figure  2,  the 
connectivity  increases  during  the  first  stage.  This 
behavior  is  the  result  of  the  formation  of  new  contacts  in 
the  loose  particle  stack.  Particles  in  these  regions, 
originally  not  in  contact,  are  brought  together  by  the 
shrinkage  of  the  particle  framework,  thereby  increasing  the 
total  connectivity  of  the  void  phase.  The  contributions  to 
the  decrease  in  total  surface  area  by  surface  and  vapor 
transport,  and/or  by  shrinkage,  continue  to  be  independent 
until  the  minimal  surface  area  is  achieved  for  the  existing 
values  of  volume  and  connectivity  of  the  void  phase;  this 
signals  the  end  of  the  first  stage.  Further  decrease  in 
surface  area  requires  a new  set  of  values  of  connectivity 
and  total  pore  volume.  Rhines  has  demonstrated  that  the 
system  can  progress  to  lower  values  of  the  minimal  surface 


Number /gm 


First  Second  Third 


Figure  2.  Variation  of  connectivity  and  number  of 

separate  parts  of  the  void-solid  interface 
with  density  for  the  48  micron  spherical 
copper  powder  [12]. 
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area  through  continual  decreases  in  the  connectivity  of  the 
void  volume.  There  exist  two  experimental  findings  which 
support  the  minimal  area  concept  in  the  second  stage. 

First,  the  relation  between  the  density  of  the  system  and 
the  surface  area  it  contains  in  unit  volume  is  linear 
throughout  the  second  stage.  Second,  the  onset  of  this 
linear  relation  coincides  with  the  beginning  of  a strictly 
monotonic  decrease  in  the  connectivity  of  the  pore  network 
with  increasing  density,  as  shown  in  Figure  2.  This 
decrease  in  connectivity  is  produced  by  closure  of  the 
channels  in  the  multiply-connected  void  volume.  The 
criterion  for  closure  of  a channel,  in  terms  of  local 
instability  of  the  void-solid  interface,  is  revealed  to  a 
degree  by  the  linear  relationship  between  the  pore  volume 
fraction  and  surface  area.  DeHoff  and  Rhines  [13]  have 
suggested  that  this  behavior  is  indicative  of  channel 
closure  events  which  remove  elements  of  the  void  phase 
having  fixed  ratio  of  volume  to  associated  surface  area. 

This  conclusion  is  consistent  with  previous  findings  [14]  of 
a constant  value  of  the  mean  linear  intercept  of  porosity  in 
the  second  stage  of  sintering.  Channel  closure  continues  to 
be  the  dominant  structural  change  throughout  the  second 
stage.  Eventually  the  pore  network  is  no  longer  multiply 
connected  and  the  genus  is  then  equal  to  zero.  In  the  third 
stage,  the  number  of  separate  parts  of  the  void  volume  is 
increased  through  further  division  of  the  complex  but 
simply-connected  "tree-like"  [15]  cavities  by  channel 
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closure.  The  number  of  separate  parts  decreases  from  the 
maximum  value  primarily  through  a reduction  in  number 
resulting  from  conglobation  with  other  portions  of  the  void 
volume. 

The  Evolution  of  Curvature  of  the  Void-Solid  Interface 

To  determine  the  relationship  between  the  surface 
tension  forces  and  the  microstructure  of  the  sinter  body,  it 
is  necessary  to  consider  the  information  available  on  the 
evolution  of  the  curvature  of  the  void-solid  interface. 
Figure  3 [16]  depicts  the  path  of  evolution  of  total  curva- 
ture, My. 

In  the  initial  loose  stack  of  particles,  the  mean 
curvature  of  all  void— solid  interfaces  is  positive,  by 
definition.  The  formation  of  permanent  contacts,  or  weld 
necks,  between  the  particles  introduces  negative  mean  curva- 
ture into  the  system  and  creates  curvature  gradients  between 
the  neck  region  and  the  positively  curved  surface  of  the 
adjacent  nearly  spherical  particles.  These  gradients  drive 
transport  processes  which  smooth  the  surface  and  reduce  the 
surface  area  in  the  system.  The  amount  of  negatively  curved 
surface  in  the  system  increases  with  further  densif ication 
and  the  average  value  of  total  curvature  drops  rapidly 
through  zero  and  becomes  negative  in  the  volume  fraction  of 
porosity  range  of  0.33  to  0.35. 3 Total  curvature  becomes 
increasingly  negative  throughout  the  remainder  of  the  first 
stage. 
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Figure  3.  Variation  of  total  curvature  with  pore  volume 
for  three  representative  copper  powders 
sintered  in  dry  hydrogen  at  1005 °C  [16]. 
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The  end  of  the  first  stage  is  revealed  in  the  average 
total  curvature-density  relationship  by  an  almost  abrupt 
decrease  in  the  slope  of  the  curve  in  Figure  3 . This 
implies  that  the  effectiveness  of  the  remnants  of  the 
original  curvature  gradients  has  been  considerably  reduced 
and  is  consistent  with  the  attainment  of  a conditional 
minimal  surface  area  at  the  end  of  the  first  stage.  The 
absolute  minimum  value  of  surface  area  possible  for  a given 
volume  of  porosity  would  exist  in  a system  containing  a 
single  sphere.  However,  Rhines  [11]  has  demonstrated  that 
the  shape  changes  in  the  first  stage  are  localized  and 
prevent  such  a structural  development.  This  is  due  to  the 
fact  that  the  curvature  gradients  change  the  direction  of 
material  transport  by  vapor  and/or  surface  mechanisms  within 
a distance  approximating  half  a particle  diameter.  Under 
this  limitation,  the  system  can  minimize  its  surface  area, 
for  a given  void  volume,  by  separating  the  void  phase  into 
separate  spherical  pores.  In  order  to  achieve  this  con- 
figuration the  channels  in  the  pore  network  must  be  closed. 
The  coincidence  of  a decrease  in  connectivity,  a linear 
relationship  between  density  and  surface  area,  and  a 
decrease  in  the  rate  of  change  of  surface  curvature  is 
evidence  of  a decrease  in  the  ability  of  curvature  gradients 
to  promote  shape  changes  in  the  pore  network. 

About  halfway  through  the  second  stage  of  sintering, 
the  total  curvature  passes  through  a minimum  and  begins  to 
increase.  By  definition,  the  total  curvature  is  the  product 
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of  the  mean  curvature  and  the  surface  area.  The  decrease  in 
surface  area  overbalances  the  negative  increase  in  mean 
curvature  near  the  midpoint  of  second  stage,  resulting  in 
the  observed  minimum  in  the  path  of  the  total  curvature.  As 
the  extent  of  surface  area  in  the  system  decreases  to  zero 
the  total  curvature  also  approaches  zero. 

Surface  Tension  and  Sintering  Force 

In  spite  of  the  obvious  diversities  in  the  theories  of 
sintering,  there  exist  some  important  consistencies: 

(a)  Surface  tension  is  the  driving  force  through  which 
densif ication  is  achieved,  and 

(b)  The  magnitude  of  the  effect  of  surface  tension  is 
determined  by  the  geometry  of  the  void-solid 
interface. 

Gregg  [16],  seeking  experimental  support  for  these 
hypotheses,  demonstrated  for  the  first  time  that  the 
contracting  force  originates  in  the  surface  tension  resident 
upon  the  metal-vapor  interface  of  the  sinter  body.  Further- 
more, he  showed  that  surface  tension  of  a metal  can  be 
measured  through  the  agency  of  sintering.  The  point  of  view 
that  was  developed  in  their  work  asserts  that  surface 
tension,  acting  through  local  surface  curvature,  results  in 
internal  stresses  which  can  produce  deformation  and 
therefore  shrinkage.  The  relation  of  the  surface  tension  to 
the  experimentally  determined  sintering  force  through  the 


geometry  of  the  porous  system  is  argued  in  the  following 
development. 

On  the  basis  of  the  classical  formulation  of  the 
thermodynamic  of  capillary  forces,  the  condition  for  mechan- 
ical equilibrium  for  a system  in  which  two  homogeneous 
phases  are  separated  by  a surface  of  spherical  curvature  can 
be  expressed  by  the  Laplace  equation  capillarity: 


where 

pi  ~ P2  = difference  in  pressure  across 
the  separating  surface, 

R = spherical  radius  of  curvature, 
and  is  positive  when  centered 
in  phase  1,  and 

7 = surface  tension  of  solid. 

For  a surface  of  non-spherical  curvature  the  mean 
curvature,  1/2(1/Rj  + 1/R2)  , must  be  used  in  place  of  1/R: 

Pj  - P2  = 7(1/Ri  + 1/R2)  = 27H 

where  R,  and  R2  are  the  local  principal  normal  radii  of 
curvature . 
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Now,  consider  a system  containing  a homogeneous  spatial 
distribution  of  spherical  pores  of  radius  R;  see  Figure  4. 

On  any  cross-section  plane,  the  circular  intersections  with 
these  pores  will  vary  in  size  with  the  largest  having  a 
radius  r = R.  The  force  contribution  from  any  single 
intersection  can  be  calculated  in  terms  of  the  curvature, 
2/R,  of  the  system.  As  shown  in  Figure  5,  the  desired  force 
component,  F,,  which  is  a force  per  unit  length,  is  constant 
around  the  perimeter  of  the  intersection.  Therefore,  the 
total  force  from  this  pore  intersection,  perpendicular  to 
the  cross-sectional  plane,  is  2irr2  Ft.  Since  sin0  = F/y  = 
r/R,  this  becomes  y(2/R)-nx2  or  more  generally  yHA,  where  A 
is  the  area  of  the  circular  intersection.  The  total  force 
in  the  system  acting  across  the  intersecting  plane  is  egual 
to  the  sum 


F = 7jSHjAj 

where  Aj  is  the  area  of  the  jth  circular  intersection.  The 

total  area  of  pore  intersections  on  a cross-sectional  plane 

°f  area  A is  equal  to  Aa  A where  A is  the  area  fraction 

*V  *V 

(equivalent  to  the  volume  fraction)  of  porosity  in  the 
system.  Therefore,  the  working  form  of  these  relations 
becomes 

F = yH  A^A 
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F . 


Resolution  of  surface  tension  forces  emanating 
from  the  cut  surface  of  a spherical  pore  in  a 
direction  perpendicular  to  the  sectioning 
plane . 


Figure  5. 
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or 

F/A  = 7My  Vv/Sv 

where 

My  = SyH  is  the  total  curvature  of  the 
solid-void  interface 

F/A  = a force  per  unit  area  [a  shrinkage 
stress] 

A technique  developed  by  Gregg  [16]  for  the  measurement 
of  solid  surface  tension  using  the  above  principle  has 
proved  successful  for  solid  copper.  In  their  experimental 
procedure,  a lightly  presintered  bar  of  specimen  powder  is 
spring  loaded  in  a furnace.  During  subsequent  heating  of 
the  bar,  it  shrinks  until  stopped  by  the  restraint  of  the 
applied  load.  The  sintering  force  is  then  in  balance  with 
and  equal  to  the  applied  load.  The  experiment  is  stopped  at 
this  point,  the  bar  is  cross-sectioned  and  polished  and 
metallographic  measurements  are  made.  The  sintering  force, 
as  determined  by  this  procedure  is  shown  in  Figure  6.  The 
sintering  force  increases  progressively  with  increase  in 
density,  reaching  a maximum  at  about  95  percent  of  full 
density.  The  calculated  surface  tension  of  solid  copper, 


Sintering  Force  (gm/cm2) 
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Dens ity 


Experimental  values  of  the  sintering  force  as  a 
function  of  density  for  three  different  sizes 
of  particles  [16] . 


Figure  6. 
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using  the  force  data  shown  in  Figure  6 and  the  metallo- 
graphic  measurements,  yields  an  average  value  of  1420 
dyne/ cm,  which  is  less  than  4 percent  larger  than  Udin's 
[17]  value  of  1370  obtained  by  similar  measurements  on  fine 
solid  wires.  There  can  be  no  doubt  of  the  equivalence  of 
surface  tension  and  the  sintering  force  within  the  density 
range  where  such  agreement  can  reasonably  be  expected. 

Two  things  need  to  be  noted.  First,  the  equating  of 
the  force  of  surface  tension  with  that  of  sintering  can  be 
valid  only  where  the  surface  tension  force  is  devoted  wholly 
to  contracting  the  volume  of  the  sinter  body.  Accordingly, 
the  sintering  force  equation  derived  above  is  applicable 
only  to  that  portion  of  the  sintering  process  (i.e.,  second 
stage  sintering)  during  which  the  microstructure  is  defined 
by  a quasistable  minimal  area  multiply-connected  surface, 
and  the  surface  contour  has  become  stable.  Second,  since 
the  force  of  sintering  behaves,  in  the  mass,  as  a hydro- 
static compression,  it  is  not  feasible  to  balance  it 
totally.  It  is  possible,  however,  to  balance  one  component 
of  the  hydrostatic  force  with  a uniaxial  load.  It  has  been 
demonstrated  that  this  can  be  done  without  disturbing  the 
geometric  evolution  of  sintering,  or  the  other  components  of 
the  hydrostatic  compression.  Accordingly,  the  term 
"sintering  force,"  used  in  this  work,  as  in  Gregg  and 
Rhines'  work,  refers  to  the  force  necessary  to  just  stop  the 
sintering  contraction  along  one  axis  of  the  sinter  body. 

This  definition  [16]  is  consistent  with  the  zero-creep 
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method  originally  suggested  by  Gibbs  [18]  and  used,  subse- 
quently, to  determine  surface  tension  in  geometrically 
simple  systems  involving  wires  and  foils  [17]. 

Objective  of  this  Research 

The  driving  force  for  spontaneous  sintering  resides 
largely  in  the  surface  tension  that  exists  upon  the  multiply 
connected  surface  of  the  porous  body.  Dependent  upon  the 
magnitude  of  the  surface  tension  are  the  rate  of  densifica- 
tion,  the  rate  of  decrease  in  the  surface  area  and  the 
degree  to  which  sintering  results  in  the  isolation  and 
stabilization  of  porosity  in  the  sinter  body.  Variations  in 
these  factors  have  often  been  ascribed  to  the  composition  of 
the  sintering  atmosphere,  which  it  has  been  commonly 
supposed,  exercises  its  influence  upon  sintering,  in  part  at 
least,  through  its  effect  upon  the  surface  tension.  Apart 
from  a few  measurements  of  the  surface  tension  of  solid 
copper  in  pure  hydrogen  there  exists  little  if  any  informa- 
tion bearing  upon  the  quantitative  effects  of  atmosphere 
composition  on  the  surface  tension  of  solid  copper.  This  is 
a gap  that  needs  to  be  filled,  if  atmosphere  control  during 
the  sintering  process  is  to  be  fully  understood. 

It  is  also  commonly  recognized  that  gas  atmosphere  can 
influence  the  sintering  process  through  its  effect  upon  the 
rate  of  material  transport.  Attempts  to  investigate  such  an 
effect  have  been  limited  to  the  measurement  of  densif ication 
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rate.  As  pointed  out  earlier,  this  observation  of  density 
changes  alone  is  not  sufficient  to  understanding  the 
sintering  phenomenon  in  light  of  the  complexities  of  the 
internal  surface  changes  in  the  sintering  mass.  It  is 
important  to  know  how  the  geometric  change  occurs  during  the 
process  and  to  know  how  to  characterize  its  rate.  This  'is 
another  gap  that  also  needs  to  be  filled. 

The  goal  of  the  research  reported  in  this  chapter  is  to 
establish  a basis  for  the  formulation  of  atmosphere  composi- 
tion to  control  microstructure  in  sinter  objects.  Two 
related  areas  of  work  will  be  reported. 

(1)  To  determine  the  nature  and  degree  of  the  depen- 
dence of  the  surface  tension  and  sintering  force 
of  copper  upon  the  composition  of  sintering 
atmospheres,  and 

(2)  To  examine  the  effect  of  gas  atmospheres  upon  the 
microstructural  evolution  and  densif ication  rate 
of  the  sintering  of  copper  powder. 

Experimental  Apparatus  and  Techniques 
Powder  Specification 

It  has  been  shown  [19]  that,  in  general,  spherical 
powders  produce  the  most  efficient,  and  consequently  the 
most  stable,  loose  particle  stacking.  Since  the  objective 
°f  this  investigation  was  to  be  obtained  through  a detailed 
quantitative  study  of  the  geometry  of  sintered  powder  mass, 


24 


it  was  necessary  to  have  fully  reproducible  samples  made 
from  materials  of  sufficient  purity  so  that  interference 
from  side  effects  would  be  minimized.  The  material  employed 
in  this  investigation  was  atomized,  oxygen-free  copper 
powders  prepared  by  the  AMEX  Company.  Figure  7 shows  a 
scanning  electron  micrograph  of  this  powder.  An  atomized 
powder  was  preferred  because  it  lent  itself  to  narrow 
particle  size  classification.  Of  particular  importance  to 
the  geometric  analysis  of  the  sintered  structure  was  the 
possibility  of  inaccurate  measurement  due  to  formation  of 
internal  gas  porosity  by  the  hydrogen  reduction  of  internal 
copper  oxides.  Metallographic  cross-section  of  the  sintered 
powders  revealed  this  problem  to  be  neglible. 

All  powder  used  in  force  measurements  was  screened  into 
one  single  size  class:  -325  mesh  on  an  Allen-Bradley  sonic 

sifter.  The  average  diameter  of  the  powder  was  estimated  to 
be  12  microns. 

General  Features  of  the  Apparatus 

The  original  design  of  the  equipment  used  by  Gregg  and 
Rhines  to  measure  the  sintering  force  has  been  modified  to 
facilitate  the  measuring  procedure  in  conjunction  with 
atmosphere  control.  The  schematic  setup  is  shown  in  Figure 
8.  The  purpose  of  this  machine  was  to  follow  the  contrac- 
tion of  a powder  mass  at  test  temperature  and  to  measure 
the  force  necessary  to  stop  this  contraction  at  any  given 
period  in  the  sintering  cycle.  Several  modifications  and 
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Figure  7. 


Scanning  Electron  Micrograph  of  copper  powders 
used  in  sintering  force  measurement. 


Gas  inlet 


Figure  8. 


Schematic  presentation  of  the  setup  for  the 
sintering  force  measurement. 
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addictions  have  been  made  to  the  apparatus  for  measuring  the 
sintering  force.  These  changes  permitted  several  improve- 
ments over  the  earlier  design: 

(1)  The  specimen  can  be  loaded  outside  the  furnace, 
where  it  could  be  adjusted  more  precisely. 

(2)  Good  atmosphere  flow  and  control  are  assured 
during  testing. 

(3)  The  moveable  split  tube  furnace  can  be  preheated 
to  the  testing  temperature  and  then  moved  to 
surround  the  loading  device.  This  permitted 
more  than  one  run  per  day  and  eliminated  long 
heating  and  cooling  periods. 

The  heating  unit  was  a Linberg  split  tube  furnace 
designed  to  maintain  a constant  temperature  (±  5°C)  over 
twice  the  length  of  the  specimen.  On  the  top  of  the  heater 
was  located  the  spring  loading  and  weighing  mechanism.  The 
frame  was  connected  to  an  INCONEL  tubing,  which  confined  the 
gas  atmosphere.  At  the  top  of  the  apparatus  was  a screw 
elevator  which  raised  the  cantilever  beam  to  apply  a tensile 
load  to  the  specimen.  The  applied  load  was  measured 
continuously  by  means  of  four  strain  gages  attached  to  the 
beam.  The  beam  was  fabricated  from  an  iron  base  material, 
iso-elastic  alloy;  its  temperature  coefficient  of  the 
elastic  modulus  was  very  low  to  minimize  errors  from  thermal 
fluctuations  in  the  system  (the  temperature  coefficient  was 
20  x 10"6  per  °F).  Apparatus  external  to  the  unit  shown  in 
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Figure  9 included  a temperature  controller  and  a recording 
Wheatstone  bridge  for  reading  the  strain  gages. 

The  output  of  the  four  strain  gages  employed  on  the 
cantilever  beam  was  measured  by  a Baldwin-Lima-Hamilton 
model  120A  strain  indicator.  Two  gages  each  were  placed  on 
the  top  and  bottom  sides  of  the  beam  near  the  fillet 
farthest  from  the  free  end  of  the  beam  to  cancel  the  strain 
induced  in  the  gages  by  thermal  expansion  or  contraction  of 
the  beam.  The  apparatus  is  shown  in  Figure  10. 

In  order  to  know  accurately  the  beam  force  as  a 
function  of  total  indicated  strain,  standard  weights  were 
applied  to  the  beam  and  the  resultant  strains  were  recorded 
for  calibration. 

Test  Temperature  and  Gas  Atmospheric  Control 

It  was  proposed  to  fix  all  variables  except  the 
composition  of  the  atmosphere.  The  sintering  force  measure- 
ments  have  been  made  over  a range  of  densities  at  a tempera- 
ture of  1000 °C.  The  choice  of  temperature  was  not  critical. 
It  has  been  shown  by  Gregg  [16]  that  the  surface  tension 
variation  in  the  range  950“  to  1050“C  lies  within  the  limit 
of  sensitivity  of  the  measurement.  Test  temperature  of  the 
hot  zone  could  be  maintained  to  within  ± 5“C.  Inside  the 
INCONEL  tubing  there  also  was  a thermocouple  to  determine 
the  actual  sintering  temperature. 

All  of  the  gases  used  in  this  research  are  listed  in 
Table  15.  They  have  been  supplied  as  pure  gas  or  in  mixed 
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Figure  9. 


The  total  construction  used  in  the  present 
sintering  force  measurement. 
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Figure  10.  Apparatus  used  for  measurement  of  the  sintering 
force. 
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form  by  AIRCO.  The  gases  were  commercial  tank  gases  of 
the  purest  quality  available  (grade  5) . Precautions  were 
necessary,  however,  to  minimize  the  content  of  oxygen  and 
water  vapor  that  would  oxidize  the  sample  and  affect  the 
surface  tension  measurement.  A two-step  purification  of  the 
gas  was  used  before  it  reached  the  sintering  furnace: 

(1)  the  conversion  of  all  oxygen  into  water  with  the  aid  of 
a catalyst,  and  (2)  condensation  of  the  water  and  removal 
with  drying  agents.  The  flow  diagram  of  the  purifying 
system  used  in  this  experiment  is  presented  in  Figure  11. 

The  gas  handling  system  was  of  all-metal  construction.  The 
gas  pressure  within  the  furnace  tube  was  maintained  at  just 
about  atmospheric  pressure  by  constant  gas  flow  to  prevent 
the  entry  of  air  into  the  system. 

Specimen  Preparation 

Specimens  used  for  measurement  of  the  sintering  force 
were  prepared  by  presintering  copper  powders  to  the  desired 
shape  in  a split  graphite  mold,  as  shown  in  Figure  12.  The 
basic  shape  of  the  specimen  was  similar  to  a cylindrical 
tensile  test  specimen.  However,  the  shoulders  at  each  end 
of  the  reduced  section  were  gently  sloped  to  reduce  con- 
straint at  these  positions  while  the  specimen  was  shrinking 
during  presintering  or  cooling  from  the  presintering 
temperature.  Connection  between  the  specimen  and  the  load 
beam  was  provided  by  presintering  0.05-inch  diameter 
tungsten  rods  into  each  end  of  the  specimen.  The  tips  of 
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Figure  11.  The  gas  flow  diagram  of  the  purification  system 
used  in  this  experiment. 
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Figure  12 . 


Presintered  tensile  bar  sample  and  the  split 
graphite  mold. 
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the  rods  embedded  in  the  specimen  were  notched  to  provide 
interlocking  between  the  tungsten  and  the  copper  and  to 
increase  the  mechanical  strength  of  the  connection. 

All  specimens  were  presintered  at  700°  in  dry,  deoxi- 
dized hydrogen  for  about  15  minutes.  As  a result  of  storage 
and  handling  in  humid  atmosphere,  the  powders  might  be 
covered  with  thin  oxide  films.  Attempts  were  made  to  remove 
these  films  before  presintering  by  heating  the  powders  in 
hydrogen  flow  for  30  minutes  at  a temperature  200 "C.  After 
presintering,  each  specimen  was  immediately  loaded  in  the 
measuring  apparatus  for  the  sintering  force  test. 

Sintering  Force  Measuring  Procedure 

The  top  connecting  tungsten  rod  was  hung  on  the 
cantilever  beam  by  a hook.  The  bottom  connecting  rod  was 
inserted  into  a hole  in  the  flange.  This  part  of  the 
apparatus  was  then  surrounded  with  the  furnace  tube  which 
was  at  the  desired  test  temperature. 

In  practice , it  was  found  that  the  connecting  tungsten 
rods  were  often  presintered  into  the  specimen  at  slight 
angles  to  the  specimen  axis,  a situation  which  produced 
bending  stresses  upon  initial  loading.  To  overcome  this 
problem,  each  specimen  was  gradually  brought  into  creep  by 
manual  adjustment  of  the  beam  force.  This  procedure  helped 
to  straighten  the  load  column  and  produced  approximately 
uniaxial  loading  during  the  remainder  of  the  test. 


35 


When  the  programmed  sintering  time  had  elapsed,  a 
predetermined  load  was  applied  by  elevating  the  beam 
assembly.  The  initial  load  was  chosen  so  that  the  specimen 
would  elongate  perceptibly  in  creep.  This  creep  elongation 
diminished  the  load  by  permitting  the  beam  to  relax  slightly 
until  a balance  was  achieved  between  the  sintering  force  and 
the  applied  load.  After  a period  of  from  a few  seconds  to  a 
few  minutes,  the  continued  densification  of  the  specimen 
would  so  increase  the  sintering  force  that  the  deflection  of 
the  beam  was  resumed.  Typical  behavior  of  a specimen  during 
the  test  is  shown  in  Figure  13. 

The  test  was  terminated  at  the  moment  the  specimen 
first  revealed  that  it  had  progressed  from  creep  to 
shrinkage.  At  this  point  (indicated  by  dashed  lines  in 
Figure  13) , the  external  force  was  removed  by  manually 
lowering  the  beam  support.  In  order  to  preserve  the 
microstructure  which  corresponded  to  the  final  force 
measurement,  the  furnace  was  removed  and  the  specimen  was 
also  removed  to  the  cool  zone  in  the  tube  for  metallographic 
measurement. 

Density  Determination 

Apparent  density  of  the  tested  specimen  was  determined 
by  the  Archimedes  principle,  using  the  standard  ASTM 
procedure  for  porous  bodies.  Samples  for  density  determina- 
tion were  taken  from  the  middle  of  the  tested  bar.  A sample 
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Figure  13 . Typical  specimen  behavior  during  experimental 

measurement  of  the  sintering  force.  The  dashed  line 
indicates  the  desired  balance  of  internal  and 
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was  weighed  and  then  immersed  in  liquid  wax  in  order  to  seal 
surface  pores.  It  was  then  weighed  in  air  and  water,  the 
difference  in  these  two  weights  being  the  weight  of  water 
displaced  by  the  sealed  sample.  From  this  weight  and  the 
density  of  water,  the  volume  of  the  sample  was  determined. 
The  initial  weight  divided  by  this  volume  was  the  apparent 
density  of  the  sintered  structure. 

Metallographic  Preparation 

Samples  taken  from  the  specimen  for  metallographic 
inspection  were  mounted  in  epoxy  resin.  Samples  were 
mounted  so  that  polishing  exposed  a section  perpendicular  to 
the  cylindrical  axis  of  the  specimen.  Mounting  in  epoxy 
resin  was  carried  out  in  the  following  way.  The  sample  was 
placed  in  a hollow  plastic  cylinder  sitting  on  its  end  on  a 
glass  plate.  The  cylinder  was  then  filled  to  the  desired 
level  with  the  epoxy  resin  and  the  entire  assembly  placed  in 
a vacuum  desiccator  connected  to  a mechanical  vacuum  pump. 
The  pressure  on  the  system  was  reduced  until  the  air  within 
the  porous  sample  appeared  to  be  removed.  Pressure  was  then 
reapplied  by  opening  the  system  to  the  atmosphere,  thus 
forcing  the  liquid  into  the  porous  network  of  the  sample. 

The  epoxy  resin  within  the  sample  helped  to  preserve  the 
true  nature  of  the  void-solid  interface  during  polishing. 

The  microstructures  were  prepared  by  use  of  the 
following  polishing  sequence.  After  flattening  on  metal- 


38 


lographic  emery  papers,  the  surface  was  first  rough 
polished,  using  a duck  cloth  and  the  finest  grade  of  alumina 
powder.  Finishing  was  done  in  two  stages  on  Gamal  cloth, 
using  first  6-micron  diamond  paste  and  finally  1-micron 
diamond  paste.  In  general,  the  samples  to  be  used  for 
quantitative  microscopy  were  not  etched  because  etching 
could  quickly  overcorrect  and  produce  a large  negative  error 
in  the  measurements  of  the  pore-solid  interface. 


Quantitative  Metalloaraphic  Analysis 


The  quantitative  metallography  determinations  are 
standard  in  all  respects  [15].  A Zeiss  bench  microscope  was 
employed  for  all  measurements.  The  following  quantitative 
metallography  parameters  were  experimentally  determined: 


(1) 


(2) 


(3) 


N, 


1 Anet 


the  fraction  of  points  of  a grid,  super- 
imposed on  the  microstructure,  which 
fall  within  the  phase  of  interest,  void 
or  solid. 

the  number  of  times  a test  line,  super- 
imposed on  the  microstructure,  inter- 
cepts the  void-solid  interface,  per  unit 
length  of  the  test  line. 

= Ta+  - Ta-  : Ta+  and  TA—  are  the 

number  of  tangents  which  the  swept 
test  line  forms  with  convex  and 


concave  elements  of  arc  of  the 
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void-solid  interface,  respectively, 
per  unit  area  in  the  structure. 

The  prepared  surface  was  calibrated  by  measuring  the 
volume  of  porosity  with  the  point  count  Pp  [20]  and  com- 
paring this  result  with  that  calculated  from  the  Archimedes 
density  measurement.  If  the  metallographically  determined 
void  fraction  was  within  0.025  of  the  Archimedes  value,  the 
sample  was  accepted;  if  the  value  was  outside  this  range, 
the  sample  was  repolished.  Placement  of  the  grid  on  fifty 
fields  was  sufficient  for  the  calibration  test. 

Parameters  for  the  Geometric  Description  of  Sintered 
Structure 

The  basic  geometric  quantities  and  useful  relationships 
which  have  been  used  for  evaluation  of  geometry  of  the 
microstructural  features  in  the  present  work  are  presented 
in  this  section.  Figure  14  illustrates  the  technique  of 
their  measurements  and  their  relationships  to  geometric 
properties  of  the  three  dimensional  structures. 

Measurement  of  the  volume  fraction.  Vv.  The  volume 
fraction  of  the  pore  phase  is  the  total  volume  of  porosity 
contained  in  unit  volume  of  microstructure.  The  corres- 
ponding property  can  also  be  defined  for  the  solid  phase. 

In  order  to  obtain  an  unbiased  measurement  of  the  volume 
fraction  of  a particular  phase,  which  in  this  case  is  the 
void  space,  the  point  count  method  has  been  used.  Hilliard 


V = P 
v p 

S = 2Nt 
v L 


M - 2(T  - T ) 

v A + A- 


Figure  14.  Sampling  a two-dimensional  structure  to 
determine  volume  fraction  of  void,  Vv, 
surface  area,  Sv,  and  total  curvature,  My. 
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[21]  has  shown  that  this  point  count  is  the  most  efficient 
method  for  estimating  the  volume  fraction. 

Measurement  of  the  surface  area.  S.  . Each  kind  of 
interface  in  the  system  has  a surface  area  associated  with 
it;  Sv  is  the  total  surface  area  of  a particular  kind  of 
interface,  which  in  this  work  is  the  pore-solid  interface 
contained  in  a unit  volume  of  microstructure.  The  extent  of 
pore-solid  interface  Sv  was  evaluated  by  the  use  of  the  line 
intercept  count  [20].  This  technique  is  based  upon  the 
following  relationship: 

2Nl  = Sv 

Measurement  of  the  total  curvature.  M...  Those  inter- 
faces in  a system  which  have  a distinguishable  inside  and 
outside  possess  a property  called  the  total  curvature.  The 
total  curvature  My,  of  a surface  (or  a collection  of 
surfaces) , is  obtained  by  multiplying  the  mean  curvature 
H in  an  element  of  surface  by  the  element  area  ds,  and 
integrating  the  result  over  the  area  of  the  surface: 


M 


Hds 

J J S 


The  total  curvature  per  unit  volume  of  structure,  My, 
is  the  total  curvature  of  the  interface  contained  in  the 
structure  divided  by  the  volume. 
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Measurement  of  the  average  mean  surface  curvature.  H. 
The  mean  curvature  H varies  from  point  to  point  on  a 
surface;  it  has  some  distribution  of  values  and  therefore 
some  average  value.  This  may  be  defined  as 


where  the  integration  is  carried  out  over  the  area  of  the 
surface  H may  be  positive  or  negative  (depending  upon  which 
phase  is  taken  as  inside  the  surface,  and  which  outside) ; a 
large  value  of  H corresponds  to  a sharply  curved  surface, 
and  values  near  zero  to  relatively  flat  surface.  If  the 
mean  curvature  is  high  at  a point  on  the  surface,  the  pres- 
sure differential  across  the  interface  is  also  high,  since 
AP  = 2yH,  where  7 is  the  surface  energy.  Thus,  high  curva- 
tures are  associated  with  a large  driving  force  for 
microstructural  change.  The  guantity  H may  be  taken  as  a 
measure  of  the  average  driving  force  in  sintering  under  the 
action  of  surface  tension. 

Experimental  values  of  NL  and  TAnet  obtained  from  a 
prepared  surface  were  used  to  calculate  the  average  mean 
surface  curvature  H,  and  the  total  curvature.  My  of  the 
void-solid  interface  according  to  the  relation: 
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and 


ttT 


H = 


Anet 


N, 


Mv  = ZttT^ 

Experimental  Results 

The  results  obtained  through  the  experimental  tech- 
niques described  previously  are  presented  in  this  section. 
These  will  include 

(1)  The  survey  of  the  effect  of  gas  atmosphere  upon 
the  sintering  force. 

(2)  The  survey  of  the  effect  of  gas  atmospheres  upon 
the  evolution  of  the  geometry  of  sintering.  Two 
distinct  aspects  of  this  investigation  will  be 
reported: 

(a)  the  geometric  change  as  a function  of 
pore  volume;  and 

(b)  the  geometric  change  in  terms  of 
sintering  time. 

(3)  The  variation  of  the  rate  of  densif ication  with 
sintering  atmosphere. 

(4)  The  survey  of  the  effect  of  gas  atmospheres  upon 
the  surface  tension  of  solid  copper. 
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Effect  of  Gas  Atmospheres  Upon  the  Sintering  Force 

The  experimental  definition  of  the  sintering  force, 
as  stated  previously,  is  the  external  load  which  must  be 
applied  to  a sintering  structure  in  order  to  stop  its 
contraction.  The  current  series  of  the  quantitative  survey 
of  this  property,  as  reflected  in  changes  in  the  atmosphere 
composition,  was  aimed  to  explore  two  scenarios: 

(1)  A study  of  the  variation  of  sintering  force  with 
the  evolution  of  structure  during  sintering  and 

(2)  A study  of  its  variation  with  the  surface 
tension. 

The  experimental  values  of  the  sintering  force  (F/a) 
for  specimens  sintered  in  pure  hydrogen  are  compiled  in 
column  6 of  Table  1,  and  are  shown  graphically  in  Figure  15, 
together  with  the  previous  work  of  Gregg  [16].  The  force 
values  are  presented  in  terms  of  unit  area  to  eliminate 
cross-sectional  area  of  the  specimen  bar  as  a variable. 

Each  datum  point  represents  the  equilibrium  sintering  force 
which  was  read  at  the  minimum  in  the  force-time  curve,  given 
in  Figure  13.  Despite  some  scatter  in  the  readings,  the 
upward  trend  of  the  sintering  force  with  pore  volume  is 
clear.  In  all  cases  studied,  the  force  increases  rapidly  in 
the  early  stage  of  sintering.  This  is  then  followed  by  a 
steady  increase  which  is  almost  in  proportion  to  the 
density.  Toward  the  onset  of  the  final  stage,  the  force 
rises  sharply  to  a maximum  at  a density  of  about  90%  of  the 
solid,  from  which  it  suddenly  diminishes.  This 


Metric  Properties  of  the 
Sintered  in  Pure  Hydrogen 
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Dens ity 


Figure  15. 


The  weighed  sintering  force  from  present  study 
and  Rhines  and  Gregg's  work. 
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characteristic  pattern  strongly  suggests  that  the  sintering 
force  becomes  large  as  the  volume  of  pores  diminishes. 

In  the  work  of  Gregg  and  Rhines,  it  was  shown  that  the 
equating  of  the  force  of  surface  tension  with  that  of 
sintering  can  be  valid  only  where  the  surface  tension  force 
is  devoted  wholly  to  contracting  the  volume  of  the  sinter 
body.  Accordingly,  the  sintering  force  equation  is  appli- 
cable only  to  that  portion  of  the  sintering  process  (i.e., 
second  stage  sintering)  during  which  the  microstructure  is 
defined  by  a quasistable  minimal  area  multiply-connected 
surface,  and  the  surface  contour  has  become  stable. 
Therefore,  in  the  present  study,  the  measurements  of 
sintering  force  for  other  gases  have  mostly  been  conducted 
within  the  second  stage  range,  corresponding  to  70  and 
80  percent  of  the  full  density  of  copper.  The  complete 
measured  force  values  are  assembled  in  column  6,  Tables  2 to 
14,  and  are  presented  in  Figures  16  and  17.  The  curve 
obtained  for  sintering  in  hydrogen  is  included  for  compari- 
son on  each  graph.  The  general  functional  dependence  of  the 
sintering  force  upon  the  pore  volume  is  observed  for  each  of 
the  atmospheres  studied. 

Surprisingly,  as  displayed  in  these  plots,  the 
sintering  force  is  the  largest  in  pure  hydrogen  as  compared 
to  other  gas  atmospheres.  This  tendency  can  be  seen  more 
clearly,  if  a comparison  of  the  force  value  is  made  at  a 
constant  pore  volume.  With  the  data  read  from  these 
figures,  the  sintering  forces  are  estimated  at  75%  pore 
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Figure  17 . Measured  sintering  force  as  a function  of 
pore  volume  fraction. 


63 

volume.  The  results  are  listed  in  Table  15  and  presented 
graphically  in  Figure  18.  Three  facts  are  immediately 
evident  from  this  comparison. 

(1)  There  are  marked  effects  of  gas  atmospheres  upon 
the  sintering  force. 

(2)  These  effects  are  strongly  negative;  i.e.,  an 
increase  in  the  concentration  of  other  gases  in 
hydrogen  results  in  a decrease  in  the  sintering 
force,  the  effect  being  most  pronounced  with 
carbon  monoxide. 

(3)  The  relationship  is  approximately  linear: 
namely,  the  effect  is  nearly  proportional  to  the 
concentration  in  the  gas  mixture. 

Recall  the  relationship:  F/a  = y M^/S,,.  When  the 

ratio  (Vv/Sv)  is  constant,  as  is  characteristic  of  the  second 
stage  of  sintering,  the  sintering  force  (F/a)  varies  with 
the  surface  tension  (y)  and  the  total  curvature  (1^)  . 
Accordingly,  any  change  in  the  value  of  the  surface  tension 
and/or  the  evolution  of  the  total  curvature  will  result  in 
change  in  the  magnitude  of  the  sintering  force.  The 
presently  noted  reduction  in  sintering  force  with  respect 
to  the  atmosphere  composition  is  therefore  expected  to  be 
assignable  to  a lowering  in  the  surface  tension  and/or  a 
change  in  the  evolution  of  the  total  curvature.  This 
expectation  is  to  be  examined  by  the  roetallographic  survey 
made  on  the  sintering  force  measured  specimens.  The  results 
of  these  measurements  follow. 


All  data  taken  at  75 
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Effect  of  Gas  Atmosphere  on  the  Geometric  Chanap.  of 
Sintering 

The  standard  set  of  quantitative  microscopy  measure- 
ments was  employed  in  this  study,  including  the  volume 
fraction  of  porosity  (Vv)  , surface  area  of  the  pore-solid 
interface  (Sv)  , mean  pore  intercept  (A.)  . Measurement  of 
these  properties  are  presented  below  as  functions  of  thepore 
volume  and  the  sintering  time.  Each  of  these  measurements 
has  rigorous  meaning  with  regard  to  the  geometry  of  the 
sintering  structure. 

Variation — of — structure  with  pore  volume.  A unique  and 
informative  view  of  the  geometric  change  is  obtained  when 
time  is  purposely  ignored  as  a variable,  and  the  variation 
of  the  geometric  properties  with  each  other  is  analyzed.  In 
this  way,  very  important  relationships  are  revealed  that 
link  to  the  complex  of  geometric  changes  which  constitute 
sintering. 

(a)  Effect  of  gas  atmospheres  on  the  surface 
area  of  the  pore-solid  interface.  The  variation  of  the 
surface  area  (Sv)  with  the  volume  fraction  of  porosity  (Vv) 
for  each  of  the  atmospheres  is  shown  in  columns  1 and  2,  in 
Tables  2 to  14,  and  is  illustrated  also  in  Figures  19  to  22. 
The  95%  confidence  limits  on  the  measured  surface  area  in 
Tables  2 to  14  are  seen  to  be  of  the  order  of  ± 5%,  indi- 
cating that  a total  of  50  readings  on  each  of  the  samples  is 
sufficient  to  warrant  satisfactory  results. 
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Figure  19.  Variation  of  surface  area  with  pore  volume 
fraction. 
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Figure  20. 
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Variation  of  surface  area  with  pore  volume 
fraction. 


Figure  21. 
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Figure  22. 


Variation  of  surface  area  with  pore  volume 
fraction. 
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A striking  feature  of  the  plots  of  Sv/Vv  is  their  strict 
adherence  to  linearity  over  a broad  range  of  gas  composi- 
tion. This  observation  was  not  anticipated,  although  the 
existence  of  this  specific  geometric  event  has  been  docu- 
mented previously  [13]  for  a broad  range  of  geometric  vari- 
ables, with  the  exception  of  the  sintering  atmosphere. 
Geometrically,  these  findings  simply  mean  that  after  the 
first  period  of  sintering  (not  shown  in  the  Figures)  a 
constant  ratio  must  be  maintained  between  the  internal 
surface  area  and  the  pore  volume.  Clearly,  this  implies  the 
existence  of  more  than  just  a chance  relationship;  it  is 
found  whenever  sintering  occurs  predominantly  as  decrease  in 
the  topological  connectivity  of  the  pore  network. 

In  addition,  examination  of  these  plots  also  demon- 
strates that 

(1)  At  a given  volume  fraction  of  porosity,  the  sur- 
face area  of  samples  sintered  in  hydrogen  is 
largest.  The  area  decreases  with  addition  of 
inert  gases,  nitrogen,  carbon  monoxide  and  other 
gases . 

(2)  The  effect  is  more  pronounced  for  carbon  monoxide 
than  for  other  gases  mixed  with  hydrogen. 

(3)  Addition  of  chloride  at  pressures  in  equilibrium 
with  NaCl  to  hydrogen  has  no  effect  upon  the 
surface  area  change. 

It  is  of  particular  interest  to  note  that  the  slope  of 
the  Sv/Vv  curve  decreases  with  addition  of  other  gases  in  the 
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hydrogen.  By  comparison,  sintering  in  hydrogen  clearly 
yields  the  steepest  slope,  while  carbon  monoxide  yields  a 
shallower  one.  A geometric  implication  of  this  variation  of 
the  slope  with  gas  composition  may  be  obtained  by  calcu- 
lating the  numerical  value  of  the  slope  of  the  plot  (i.e., 
dSv/dVv)  . This  would  permit  the  estimation  of  the  mean  pore 
intercept  (4Vv/Sv)  = (X)  of  the  sintering  structure,  which 
reports  the  average  "mean  intercept"  of  the  pore  channels  of 
the  sinter  body. 

The  values  of  the  mean  pore  intercept  (X)  read  from  the 
surface  area-pore  volume  plots  are  listed  in  Table  15.  It 
is  clearly  apparent  that,  in  each  of  the  systems  observed, 
the  mean  pore  intercept  is  independent  of  the  pore  volume, 
i.e.,  of  how  far  the  structure  has  progressed  toward  full 
density.  However,  each  value  is  heavily  dependent  upon  the 
gas  composition. 

(b)  Effect  of  gas  atmospheres  on  the  evolution  of 
total  curvature.  The  effects  of  the  atmosphere-induced 
changes  in  the  evolution  of  microstructure  during  sintering 
become  very  evident  in  the  evaluation  of  the  change  of  the 
total  integrated  curvature  of  the  internal  surface  (MJ  . 

The  behavior  of  the  total  curvature  is  displayed  by 
plots  of  versus  pore  volume,  Vv,  shown  in  Figures  2 3 and 
24.  As  pointed  out  in  the  foregoing  chapter,  with  the  onset 
of  second  stage,  the  channel  closure  process  dominates  the 
evolution  of  the  structure.  From  the  standpoint  of  curva- 
ture changes,  channel  closure  replaces  negatively  curved 
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Table  15 

Calculated  values  of  mean  pore  intercept 


Gas  Composition  (%) 


100%  Of 

h2 

50%  H2  + 

50% 

Ar 

15%  H2  + 

85% 

Ar 

1%  h2  + 

99% 

Ar 

100%  Ar 

99%  H2  + 

1% 

CO 

49%  H2  + 

51% 

CO 

2%  H2  + 

98% 

CO 

100%  CO 

100%  n2 

100%  He 

50%  H2  + 

50%  Ar  + 50%  CO 

H2  + vapor  NaCl 


Mean  Pore  Intercept  (\) 
0.80 
0.84 
0.84 
0.87 
0.90 
0.80 
0.92 
0.94 
0.94 
0.85 
0.87 
0.87 
0.88 
0.80 
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Figure  23.  Variation  of  total  curvature  with  pore 
volume  fraction. 
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saddle  surface  with  more  negatively  curved  elements  of 
concave  surface.  These  new  surface  elements  will  eventually 
form  the  concave  boundaries  of  the  isolated  pores  in  the 
system.  Accordingly,  the  measured  total  curvature  shifts 
toward  more  negative  values  with  decreasing  pore  volume. 

The  correspondence  between  the  functional  dependence  of 
the  total  curvature  on  porosity  fraction  and  that  displayed 
by  the  sintering  force  are  striking  and  certainly  are  the 
most  significant  observation  in  terms  of  the  relationship 
between  the  microstructure  of  a sintering  body  and  its 
sintering  behavior  in  regard  to  the  atmosphere  effect.  For 
one  thing,  the  magnitudes  of  both  quantities  (My  and  F/a) 
increase  with  decreasing  pore  volume  fraction.  Secondly, 
and  perhaps  more  profoundly,  the  more  negative  the  total 
curvature,  the  higher  is  the  sintering  force. 

Qualitatively,  the  evolution  of  the  total  curvature 
produced  by  sintering  in  inert  gases,  nitrogen  and  other 
mixtures  of  gases  is  similar  to  that  followed  during 
sintering  in  hydrogen.  Quantitatively,  however,  My  shows  a 
consistent  variation  with  atmosphere  as  do  the  surface  area 
and  mean  pore  intercept. 

(c)  Effect  of  gas  atmospheres  upon  the  asymptotic 
amgle.  To  investigate  further  the  influence  of  gas  compo- 
sition upon  the  change  of  the  surface  property  of  the 
connected  pore  network,  a new  signed  line  intercept  count, 
developed  by  DeHoff  [23],  has  been  employed  to  determine  the 
variation  of  the  average  asymptotic  angle  of  surface  (see 


Figures  25  and  26) . This  technique  involves  the  separate 

recording  of  the  number  of  line  intercepts  with  convex  and 

concave  interfacial  elements.  The  results,  shown  in  Figure 

27,  serve  to  evaluate  the  asymptotic  angle  0m.  In  this 

graph,  the  points  labeled  NL  refer  to  the  enclosing  curva— 

+ 

ture  of  the  pores  while  NL  is  related  to  the  contour  of  the 
outline,  i.e.,  convex  surface  curvature.  It  is  evident  that 
the  enclosing  curvature  is  little  affected  by  the  atmos- 
phere, whereas  the  pore  contour  exhibits  sensitivity  to  the 
composition  of  the  atmosphere. 

Figure  28  represents  the  calculated  values  of  the  0m 
according  to  the  equation  [23]. 

_ 

Nl  + NL+  " ®m 

The  numerical  value  of  0m,  as  pointed  out  by  DeHoff,  can  be 
viewed  as  an  index  of  the  relative  amounts  of  convex, 
concave  and  saddle  surface  in  a structure.  A high  value  of 
near  'n/2  reflects  an  excess  of  the  convex  surface 
elements,  while  a low  value  of  0m  reflects  a predominance  of 
concave  surface  elements.  It  thus  can  be  expected  that 
should  vary  from  tt/2  to  0 as  the  sintering  system 
proceeds  through  its  stages.  Figure  28  reflects  this 
expected  variation.  It  also  demonstrates  that  the  path  of 
evolution  is  quantitatively  different  for  each  of  the 
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V 


Figure  25.  Illustration  showing  the  asymptotic  angle  for 
an  element  of  saddle  surface,  i.e.,  the  angle 
giving  the  orientation  of  a sectioning  plane  on 
which  the  local  curvature  is  zero. 


Figure  26.  Illustration  of  a plane  view,  looking  down  the 
surface  normal  of  the  neighbourhood  of  a point 
P on  saddle  surface  with  the  two  asymptotic 
lines  passing  through  P. 
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Figure  27.  Variation  of  number  of  linear  interception 
with  pore  volume  fraction. 
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Volume  Fraction  of  Porosity,  Vv 

Figure  28.  Variation  of  asymptotic  angle  with  pore 
volume  fraction. 
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sintering  atmospheres  examined  in  this  study.  Hydrogen 
sintering  has  the  lowest  value  of  the  asymptotic  angle  at 
any  given  volume  fraction.  This  appears  to  be  in  accordance 
with  the  observed  increase  in  the  total  curvature  value  in 
that  both  indicate  a preponderance  of  concave  elements  in 
the  hydrogen  sintering  structure. 

Variation  of  structure  with  sintering  time.  The  time 
variation  of  the  geometric  parameters  are  shown  in  Figures 
29  to  32.  These  geometric  parameter-time  curves  are  all  of 
the  same  general  type,  characterized  by  a high  initial  rate 
of  change  of  each  of  the  parameters  which  quickly  subsides 
as  the  sintering  time  is  extended.  This  behavior  is  evident 
in  all  of  the  data  for  surface  area,  total  surface  curva- 
ture, and  densif ication  rates  for  the  hydrogen  and  for  all 
other  gas  atmospheres.  However,  the  addition  of  other  gases 
to  hydrogen  decelerates  the  process  and  results  in  an 
essentially  vertical  displacement  of  the  curves.  Thus,  in 
addition  to  their  effects  on  the  sintering  forces,  the 
furnace  atmospheres  can  lower  the  rate  (i.e.,  in  terms  of 
time)  of  microstructural  evolution  as  they  do  on  the  path 
(i.e.,  in  terms  of  volume  fraction  of  porosity)  of  micro- 
structural  evolution. 
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Figure  29.  Variation  of  volume  fraction  of  poresity 
with  sintering  time. 
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Figure  31.  Variation  of  surface  area  with  sintering 
time. 
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Figure  32.  Variation  of  total  curvature  with  sintering 
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Effect  of  Gas  Atmospheres  upon  the  Surface  Tension  of  solid 
Copper 

It  has  been  shown  earlier  that  the  surface  tension  of  a 
solid  metal  is  simply  related  to  its  sintering  force  through 
its  measurable  metallographic  properties.  As  described  in 
the  introduction:  F/a  = y Vv/Sv  where  F/a  is  the 

sintering  force,  expressed  in  dynes  per  cm2  of  the  cross- 
section  of  the  loaded  body,  y is  the  surface  tension  in 
dynes  per  cm,  Vv  is  the  volume  fraction  of  porosity  in  the 
sinter  body,  is  the  integratal  mean  curvature  and  Sv  is 
the  internal  surface  area. 

The  calculated  surface  tension  values  of  solid  copper 
shown  in  column  7 , in  Tables  1 through  14 . The  average 
values  for  each  gas  are  compiled  in  Table  16  together  with 
values  of  sintering  force  which  were  estimated  at  the  75% 
porosity  fraction.  Comparison  of  these  values  shows  that 
the  surface  tension  of  copper  in  the  noble  gases  and 
nitrogen  is  almost  the  same  as  in  hydrogen,  a little  lower 
in  carbon  monoxide.  In  contrast,  the  sintering  force  is 
significantly  different  for  each  of  these  gases. 

Discussion 

The  present  inquiry  into  the  effect  of  gas  atmospheres 
upon  the  sintering  force,  surface  tension  and  micro- 
structural  evolution  during  the  sintering  of  copper  powder 
has  brought  to  view  new  lines  of  evidence  for  the  role  of 
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Table  16 

Measured  sintering  force  and  calculated  surface  tension 


Gas  Composition 
% 

Surface 
crm/ cm 

Tension  (7) 
dvne/cm 

100%  h2 

1.38 

1353.3 

50%  H2  + 50%  Ar 

1.37 

1343.5 

15%  H2  + 85%  Ar 

1.39 

1363.1 

1%  H2  + 99%  Ar 

1.43 

1402.3 

100%  Ar 

1.38 

1353.3 

99%  H2  + 1%  CO 

1.40 

1372.9 

49%  H2  + 51%  CO 

1.33 

1304 . 2 

2%  H2  + 98%  CO 

1.29 

1265.1 

100%  CO 

1.32 

1294.5 

100%  He 

1.36 

1333.6 

100%  n2 

1.38 

1353.3 

50%  H2  + 50%  He 

1.36 

1333.7 

50%  Ar  + 50%  CO 

1.32 

1294.5 

H2  + Vapor  NaCl 

1.39 

1363.1 

Sintering 
Force  (F/a)* 
om/cm2 

820 

765 

682 

610 

620 

814 

745 

522 

477 

609 

635 

754 

464 


♦Values  of  sintering  force  were  taken  at  75%  Vv. 
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the  sintering  atmosphere.  One  line  of  evidence,  derived 
from  the  sintering  force  measurement,  indicates  that  argon, 
helium,  nitrogen,  chloride  vapor  and  various  mixtures  of 
these  gases  produced  relatively  little  effect  upon  the 
surface  tension,  except  perhaps  for  one  particular  gas, 
carbon  monoxide,  which  lowered  the  surface  tension  signifi- 
cantly. All  of  these  gases  suppressed  the  sintering  force 
to  some  extent.  The  retarding  effects  were  approximately 
proportional  to  the  concentration  in  the  gas  mixtures. 
Evidently,  the  effects  of  these  gases  on  the  rate  of 
sintering  are  not  to  be  associated  primarily  with  their 
effects  on  the  surface  tension.  A second  line  of  evidence, 
which  emerged  from  the  quantitative  microscopy  measurement, 
shows  that  these  gases  had  strong  influence  upon  the 
evolution  of  the  pore  volume,  surface  area,  total  surface 
curvature  and  asymptotic  angle  of  the  connective  pore 
network.  In  all  cases,  the  effects  were  to  lower  both  the 
rate  and  displace  the  path  of  the  microstructural  evolution 
in  comparison  with  those  produced  in  hydrogen;  again,  the 
effects  were  proportional  to  the  partial  pressure  of  the  gas 
in  the  mixture  with  hydrogen. 

Taken  together,  this  evidence  makes  it  entirely  clear 
that  the  dominant  role  of  sintering  atmosphere  is  not  that 
of  controlling  the  driving  force  of  sintering,  but  rather  in 
determining  the  specific  rate  of  surface  change,  as  reported 
by  the  structural  parameters.  This  undoubtedly  puts  to  rest 
the  common  acceptance  of  the  idea  that  the  atmosphere  exerts 
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its  influence  upon  the  surface  tension,  which  in  turn  deter- 
mines the  rate  of  the  sintering  process. 

It  is  thus  desirable  to  search  for  the  mechanisms 
through  which  the  path  and  rate  of  sintering  are  altered  by 
the  atmosphere.  Since  the  knowledge  of  the  geometric  change 
is  a prerequisite  for  the  understanding  of  the  sintering 
force  action,  the  effect  of  atmosphere  upon  the  evolution  of 
the  geometry  of  the  pore  network  will  be  considered  first. 

Effect  of  Gas  Atmosphere  upon  the  Path  of  the  Surface  Area 
Change  " ' 

The  first  important  clue  as  to  how  the  gas  atmosphere 
affects  the  sintering  process  can  be  derived  from  the 
comparison  of  the  paths  of  the  surface  area  change  versus 
the  volume  fraction  of  porosity,  shown  in  Figures  19  to  22. 
Here  it  can  be  seen  that  nominally  pure  hydrogen  produces 
structures  with  the  largest  internal  surface  area  at  a given 
fraction,  while  additions  of  other  gases  to  hydrogen 
yield  paths  that  have  systematically  lower  surface  area. 
Further,  the  path  differences  are  already  evident  in  the 
samples  studied  that  have  the  highest  porosity;  i.e.,  the 
paths  are  different  from  the  beginning  of  the  second  stage 
of  sintering. 

In  perceiving  the  implication  of  this  observation,  two 
factors  need  to  be  addressed.  First,  what  holds  the  control 
over  the  course  of  the  surface  area  evolution?  Moreover,  in 
what  way  is  the  path  altered  by  the  atmosphere  composition? 
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The  nature  of  these  questions  can  be  best  illuminated  by 
considering  the  topological  model  of  sintering  as  described 
earlier.  In  this  model,  the  linearity  between  the  pore 
volume  (Vv)  and  the  surface  area  (Sv)  is  interpreted  as 
a manifestation  of  the  shape  change  caused  by  the  reduction 
of  the  connectivity  as  sintering  proceeds.  The  rationale 
for  this  reasoning  is  the  observation  [23]  that  in  the 
course  of  steady  state  sintering  (i.e.,  second  stage  of 
sintering) , the  connectivity  of  the  network  decreases 
progressively  by  the  closure  of  the  channels  in  the 
roultiply-connected  void  volume.  Accompanying  each  step  in 
the  loss  of  connectedness,  there  is  a reduction  in  the  pore 
volume  and  the  surface  area  (in  fixed  ratio,  Vv/Sv)  , thereby 
giving  rise  to  the  observed  linearity  between  these  two 
parameters,  as  shown  in  the  plots  of  Vv/Sv.  In  essence,  it 
is  the  connectivity  to  which  the  geometric  factors  (Sv  and 
Vv)  tied  and  held  in  a constant  ratio  while  the  topo- 

logical network  evolves  in  a quantum-wise  step.  This 
topological  view  of  sintering  makes  it  evident  that  the 
quantitative  path  of  the  surface  area  change  followed  during 
the  second  stage  sintering  is  related  to  the  prevailing 
connectivity  existing  at  the  onset  of  the  second  stage.  To 
carry  this  idea  further,  Rhines  and  DeHoff  [22]  demonstrated 
that,  in  simple  sintering,  this  prevailing  connectivity  can 
be  established  by  the  connectivity  of  the  initial  powder 
stack.  Differences  in  the  initial  connectivity  can  usually 
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arise  from  the  differences  in  particle  size,  stacking,  or 
both. 

Moreover,  Rhines  and  DeHoff  demonstrated  that  the 
prevailing  connectivity  at  the  establishment  of  the  second 
stage  can  also  be  determined  by  the  topological  changes 
during  the  first  stage  of  sintering,  which  may  be  incurred 
by  a competitive  interplay  among  the  transport  mechanisms. 
With  the  first  stage  sintering  in  progress,  the  multiple 
connectivity  of  surface  that  comes  into  existence  at  the 
start  of  sintering  is  easily  subject  to  modification  on  its 
path  toward  the  conditional  steady  state,  because  the  path 
is  then  responsive  to  the  kind  of  transport  processes  that 
are  operative.  The  geometric  basis  for  this  behavior  lies 
in  the  fact  that,  in  early  time  sintering,  the  adhesion  of 
particles  is  dependent  upon  the  extent,  and  therefore  the 
rate,  of  surface  rounding  as  well  as  the  densif ication  rate. 
Where  the  rate  of  surface  rounding  is  slow,  most  of  the 
interparticle  contacts  will  tend  to  develop  into  stable 
necks  through  volume  contraction  (see  Figure  33) . Con- 
versely, if  the  adjacent  particle  centers  do  not  move  toward 
eother  due  possibly  to  slow  densif ication,  the  prevailing 
surface  rounding  may  produce  weld  necks  that  are  excessively 
long,  owing  to  having  been  formed  by  the  contact  of  protu- 
berances on  the  powder  particles  (see  Figure  34) . Such 
necks  tend  to  be  unstable  and  to  separate  spontaneously. 

The  initial  connectivity  at  the  beginning  of  sintering  thus 
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Figure  34.  (a) 

(b) 


Two  particles  contact  before  sintering 
Long  weld  neck  develops  through  surface 
rounding  without  volume  contraction. 
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may  be  reduced  before  a steady  state  minimal  surface  con- 
figuration can  be  attained. 

A specific  path  of  the  surface  area  change  may  be 
determined  by  three  factors:  (1)  the  connectivity  of  the 

presintered  powder  stack,  as  established  through  the  par- 
ticle size  and  stacking;  (2)  densif ication,  which  tends  to 
preserve  or  increase  the  initial  contacts;  and  (3)  surface 
rounding,  which  tends  to  eliminate  some  interparticle 
contacts . 

The  above  topological  reasoning,  provides  a basis  for 
interpreting  the  implication  of  the  data  shown  in  Figures  19 
to  22.  In  the  present  work,  all  of  the  observations  were 
made  on  samples  prepared  from  sintering  a loose  stacking  of 
a single  size  fraction,  thus  the  various  paths  observed  can 
be  expected  to  emanate  from  the  same  initial  topological 
state.  Given  this  fact,  it  can  be  inferred  that  the 
sintering  paths  were  modified  by  the  topological  changes 
during  the  passage  of  the  network  through  the  initial  stage. 
Light  has  been  shed  upon  this  point  by  extending  the  surface 
area  measurement  to  early  time  samples  wherein  the  effect  of 
the  gas  composition  would  be  expected  to  be  greatest  (see 
Figure  35) . It  is  evident  that  during  the  initial  period, 
the  surface  area  changes  little  while  the  density  change  is 
comparatively  rapid.  Perhaps  more  significantly,  the  paths 
of  the  surface  area  change  deviate  from  each  other.  In 
principle,  it  may  be  expected  that  these  curves  should 
converge  to  a common  single  point  (not  indicated  in  the 
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Figure  35.  Variation  of  surface  area  with  volume 
fraction  of  porosity. 
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Figure) , which  represents  the  initial  surface  area  of  the 
loose  powder  stack. 

Examination  of  the  first  stage  paths  also  indicates 
that  hydrogen  sintering  proceeds  through  a rather  rapid 
annihilation  of  the  pore  volume  with  small  surface  area 
change.  Thus,  during  the  early  stage  of  neck  formation  and 
neck  growth,  the  densif ication  mechanisms  appear  to  predomi- 
nate in  this  gas.  On  the  other  hand,  sintering  in  carbon 
monoxide  initially  annihilates  surface  area  with  lesser 
appreciable  densif ication,  indicating  that  during  sintering 
in  this  gas,  surface  rounding  mechanisms  dominate  initially. 
There  is  less  path  difference  between  the  samples  sintered 
in  hydrogen  and  those  sintered  in  argon. 

On  the  basis  of  the  foregoing  argument,  it  is  believed 
that  an  important  effect  of  atmosphere  is  in  fact  an 
alternation  of  the  competition  between  densif ication  and 
surface  rounding  mechanisms  during  the  earliest  part  of  the 
first  stage  of  sintering  so  as  to  produce  topological  chan- 
ges that  alter  the  framework  established  at  the  onset  of  the 
second  stage.  This  explanation  may  be  further  substantiated 
by  comparing  the  present  results  with  that  obtained  from 
various  size  fractions  of  powders  in  hydrogen  sintering  (see 
Figure  36) . Evidently,  the  path  of  surface  area  change 
followed  by  carbon  monoxide  sintering,  which  used  12-micron 
powder,  proceeds  along  a surface  area-volume  fraction  rela- 
tionship characteristic  of  a structure  which  is  equivalent 
in  coarseness  to  about  a 20-micron  powder.  Thus,  although 


Surface  Area,  Sv  (cm-1) 
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Figure  36.  Variation  of  surface  area  with  volume  fraction 
of  porosity. 
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the  starting  configuration  of  the  carbon  monoxide-sintered 
structure  is  topologically  eguivalent  to  that  sintered  in 
hydrogen,  the  structure  evolves  to  one  in  which  the  connec- 
smaller  than  that  of  the  steady  state  configura- 
tion attained  by  the  hydrogen  sintering. 


Effect  of  Gas  Atmosphere  upon  the  Path  of  the  Total 
Curvature  Change 

A second  clue  to  the  understanding  of  the  atmosphere 
effect  upon  the  sintering  process  arises  from  the  measure- 
ments of  the  total  surface  curvature,  as  presented  in 
Figures  23  and  24.  Inspection  of  these  figures  reveals  that 
at  a given  pore  volume,  the  total  curvature  (MJ  has  the 
highest  negative  value  for  samples  sintered  in  hydrogen. 

The  magnitude  of  M,  at  a given  pore  volume  decreases  with 
additions  of  other  gases  in  hydrogen.  Moreover,  all  of 
these  measurements  are  approximately  proportional  to  the 
concentration  in  the  gas  mixtures,  and  the  measurement  is 
more  affected  by  carbon  monoxide  than  by  other  gases  mixed 
with  hydrogen. 

This  finding,  which  was  obtained  from  tangent  point 
counting,  supports  the  same  proposition  as  does  the  fore- 
going surface  area  data;  that  is,  the  gas  composition  has  a 
s^r"on<?  influence  upon  the  change  of  the  surface  properties 
of  the  connective  pore  network  during  the  first  stage  of 
sintering.  The  pattern  of  the  total  curvature  behavior  is 
essentially  in  correspondence  with  that  of  the  experi- 
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mentally  measured  sintering  force  at  all  volume  fractions 
tested  (compare  Figures  13  and  17  and  Figures  23  and  24. 

The  magnitude  of  both  quantities  increases  with  decreasing 
pore  volume;  and,  the  more  negative  the  total  curvature,  the 
higher  the  magnitude  of  the  sintering  force. 

The  observed  correspondence  between  the  magnitudes  of 
the  total  curvature  and  the  sintering  force  is  consistent 
with  the  force  equation:  F/a  = y MvVv/Sv.  Hence,  it  is 

worthwhile  to  pursue  the  question  of  how  the  negativity  of 
the  total  curvature  comes  about.  According  to  the 
convention  used,  a convex  particle  has  a positive  curvature, 
whereas  an  isolated  pore  has  a negative  curvature.  At  the  ' 
loose  powder  stage,  the  total  curvature  is  positive.  With 
the  onset  of  sintering,  saddle  surface  begins  to  form  at 
particle  contacts;  this  becomes  increasingly  negative  as  it 
grows  at  the  expense  of  surrounding  positively  curved  sur- 
faces, until  a channel  network  is  developed.  During 
subsequent  sintering  (i.e.,  steady  state  sintering),  the 
channels  become  fewer  but  longer,  so  that  the  local  surface 
curvature  becomes,  on  the  average,  more  negative. 

Clearly,  the  negative  value  of  the  total  curvature  has 
its  origin  in  both  the  formation  of  the  interparticle  welds 
and  the  elimination  of  the  pore  channels.  The  former  occurs 
as  a result  of  the  shrinkage  of  the  network  during  the 
initial  stage  of  sintering  [11].  The  latter  takes  place 
primarily  in  the  second  stage,  and  can  be  accounted  for 
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through  various  topological  changes  of  the  network  [24],  for 
example,  the  collapse  of  the  three-circuited  channels,  as 
will  be  discussed  in  Chapter  IV.  How,  then,  do  these  two 
processes  together  yield  a higher  negative  value  of  total 
curvature  for  the  hydrogen  sintering  while  a lower  one  for 
other  gases? 

The  answer  can  be  had  by  considering  the  argument 
suggested  in  the  foregoing  section.  It  will  be  recalled 
that  hydrogen  is  found  to  favor  densif ication  mechanisms. 
Accordingly,  it  will  be  expected  to  bring  more  particles 
into  contact  during  the  early  time  of  sintering.  The  crea- 
tion of  new,  sharply  curved  saddle  surface  at  inter-particle 
contacts  would  yield  a negative  contribution.  As  the  system 
proceeds  beyond  the  first  stage,  the  densif ication  mechanism 
continues  to  dominate,  thus  quickly  promoting  channel 
closure.  This  process  also  tends  to  contribute  more  nega- 
tive curvature  into  the  system.  In  contrast,  other  gases, 
carbon  monoxide  in  particular,  are  hypothesized  to  enhance 
surface  smoothing  mechanisms.  Such  action  would  tend  to 
eliminate  some  interparticle  contacts,  as  illustrated  in 
Figure  34.  Concurrently,  as  the  system  devotes  most  of  its 
energy  for  performing  surface  shape  change,  the  densif ica- 
tion, and  therefore  pore  channel  elimination  is  also  slowed 
down.  The  overall  effect  is  the  lowering  of  the  negative 
value  of  total  curvature. 

Further  insight  into  the  foregoing  matters  was  provided 
by  two  distinct  experiments,  developed  to  monitor  the  change 


99 


of  the  surface  contour  in  different  gas  composition.  The 
results  offer  persuasive  evidence  in  support  of  the  fore- 
going contention.  Both  experiments:  Rhines  and  Chang's 

surface  curvature  distribution  [25]  and  DeHoff's  asymptotic 
angle  analysis  [23]  are  discussed  in  the  next  two  sections. 

Effect  of  Gas  Atmospheres  on  the  Kinetics  of  Sintering 

In  concert  with  the  path  of  microstructural  evolution, 
gas  atmosphere  can  influence  the  kinetic  behavior  of 
sintering.  This  effect  is  shown  in  Figures  29  to  32.  It 
can  be  seen  that  the  time  variation  of  density  is  leveling 
off  earlier  in  inert  gases,  nitrogen  and  carbon  monoxide.  A 
similar  trend  is  also  apparent  in  the  behavior  of  the  sur- 
face area  and  total  surface  curvature. 

Figure  31  (plotted  as  a function  of  sintering  time) 
shows  that  the  surface  area  undergoes  a rapid  initial 
decrease.  Figure  35  (plotted  as  a function  of  pore  volume 
fraction)  indicates  that  the  surface  area  undergoes  little 
change  with  volume  fraction  initially.  This  is  because 
surface  area  is  measured  in  terms  of  unit  volume  of  sample. 
Thus,  as  sintering  proceeds,  a larger  and  larger  mass  of 
sample  is  being  included  in  each  measurement.  During  the 
initial  period  of  sintering,  the  gram  per  unit  volume  of 
powder  may  increase  in  about  the  same  proportion  as  the 
surface  area  per  unit  volume. 
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Of  the  time  dependence  of  these  three  geometric 
quantities  the  rate  of  densif ication  is  particularly 
informative.  Figures  29  and  30  indicate  that  the  initial 
shrinkage  rate  is  faster  in  hydrogen  than  in  other  gases. 
This  agrees  favorably  with  the  foregoing  argument  that 
during  the  early  stage  hydrogen  favors  densif ication.  It  is 
seen,  moreover,  that  the  shrinkage  rate  thereafter  continues 
to  be  higher  than  those  in  other  gases.  This  is  certainly 
correlated  to  the  acceleration  of  the  channel  closure,  an 
effect  also  favored  the  presence  of  hydrogen  in  the 
sintering  furnace. 

Effect  of  Gas  Atmosphere  on  the  Sintering  Force 

The  results  given  in  Figures  15  to  18  show  the  effect 
of  gas  composition  on  the  sintering  force.  In  all  cases, 
the  force  is  seen  to  increase  as  the  pore  volume  diminishes 
(i.e.,  density  increases).  Such  behavior,  at  first  sight, 
appears  to  be  counterintuitive  because  it  has  been  experi- 
mentally observed  that  the  shrinkage  rate,  produced  by  the 
action  of  the  sintering  force  on  the  pore  network  decreases 
with  decreasing  pore  volume.  How  could  the  sintering  force 
increase  while  the  sintering  rate  is  decreasing? 

It  will  be  recalled  that  the  sintering  force  has  its 
origin  in  the  tensile  component  of  the  surface  tension 
acting  in  the  direction  of  the  axes  of  the  channels  (or 
necks)  of  the  network.  In  the  language  of  the  topological 
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model,  this  force  is  said  to  operate  in  an  effort  to  shorten 
the  channel  and  cause  the  contraction  of  the  topological 
network.  Initially,  this  total  force  is  small,  being 
associated  with  small  confined  areas  of  surface  at  the  weld 
necks  between  particles.  Locally,  however,  the  elements 
that  sum  to  this  force  are  large,  because  the  negative 
curvature  is  sharp,  and  the  cross-sectional  area  of  the 
solid  at  the  neck  is  small,  resulting  in  an  initially  rapid 
plastic  response  and  rapid  densif ication.  As  densif ication 
proceeds,  positive  curvature  is  converted  into  negative 
curvature,  the  total  curvature  becomes  more  negative  and  the 
sintering  force  increases.  At  the  same  time,  however,  the 
cross-section  of  metal,  against  which  the  sintering  force 
must  operate,  is  also  increasing  as  a result  of  shortening 
and  thickening  of  the  branches  in  the  solid  network.  Even- 
tually the  system  achieves  the  steady  state  for  the 
prevailing  connectivity  and  pore  volume,  the  sintering  force 
continues  to  increase  in  direct  proportion  to  total 
curvature.  At  the  same  time,  the  rate  of  densif ication 
continues  to  slow  down. 

The  decrease  of  the  sintering  force  induced  by  the  gas 
atmosphere  can  readily  be  explained  in  the  light  of  the 
foregoing  argument.  The  magnitude  of  the  sintering  force 
depends  upon  two  quantities:  first,  the  surface  tension 

(7) ; and  second,  the  negativity  of  the  total  curvature  (My)  . 
This  point  may  also  be  understood  by  reference  to  the  force 
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equation:  F/a  = 7 My  Vv/Sv,  wherein  for  a given  system,  the 

ratio  Vv/Sv  is  constant  (see  preceding  section) . In  the 
present  case,  it  was  found  that  there  was  no  significant 
difference  in  the  surface  tension  of  copper  when  measured  in 
hydrogen,  argon,  helium  and  nitrogen;  only  carbon  monoxide 
lowered  the  surface  tension.  On  this  basis  and  the  total 
curvature  value,  it  becomes  clear  that  the  decrease  of  the 
sintering  force  in  argon,  helium  and  nitrogen  was  caused  by 
the  slowing  change  of  the  curvature  alone.  In  contrast,  the 
reduction  of  sintering  force  in  carbon  monoxide  was  induced 
by  the  lowering  of  both  the  surface  tension  and  total  curva- 
ture. The  sintering  force  apparently  was  not  affected  by 
the  presence  of  NaCl  vapor. 

Comparison  of  Present  Results  with  Previous  Investigations 

Sintering  force.  Only  a few  analyses  of  the  sintering 
force  have  been  reported  [26,  27,  28]  in  the  literature. 

The  author  is  not  aware  of  any  investigation  of  the  effect 
of  gas  atmosphere  upon  the  sintering  force. 

Young  [26]  measured  the  force  of  sintering  in  hydrogen 
for  a -44-micron  irregular  copper  powder  by  suspending 
various  weights  from  a series  of  identically  prepared 
specimens.  He  reported  that  the  sintering  force  increased 
from  21  to  35  gms  with  an  increase  in  density  from  3.98  to 
5.37  gms  per  cm‘.  An  analysis  of  Young's  results  cannot  be 
made  since  the  geometric  parameters  are  not  available. 
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However,  the  magnitude  and  variation  with  density  of  his 
measured  sintering  force  agree  well  with  the  results 
obtained  in  this  work. 

Dawihl  and  Rix  [27]  utilized  a pulley  to  attach  weights 
to  sintering  cobalt  powder  compacts  placed  horizontally  in 
the  sintering  furnace.  Using  various  weights  they  measured 
the  effect  of  increasing  stress  (calculated  on  the  basis  of 
an  original  cross-sectional  area  of  0.1963  cm  ) on  the  rela- 
tive amounts  of  longitudinal  and  radial  shrinkage  of 
cylindrical  specimens.  The  range  of  applied  stresses  was 
sufficient  to  encompass  the  stress  which  resulted  in  zero 
shrinkage  in  the  direction  of  the  applied  load.  From  this 
stress  value  and  the  original  cross-sectional  area  the 
sintering  force  could  have  been  calculated  had  these  studies 
had  the  present  concept  of  sintering  force.  Although  the 
compacts  were  wintered  for  a constant  length  of  time,  the 
use  of  three  sintering  temperatures  (1000,  1200,  and  1350°C) 
resulted  in  a limited  range  of  densities  and  allowed  an 
estimate  of  the  variation  of  the  sintering  force  with 
density.  The  results  indicated  a decrease  in  sintering 
force  from  650  to  530  gms  over  the  range  of  88  to  94  percent 
of  the  theoretical  density  of  cobalt.  No  measurement  from 
this  work  can  be  used  for  comparison,  since  present 
sintering  force  readings  were  taken  only  in  the  second  stage 
of  sintering.  However,  their  results  appear  to  be  in 
agreement  with  those  of  Gregg  and  Rhines',  which  documented 
a decrease  in  sintering  force  in  copper  in  the  range  of  90 
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to  95  percent  of  theoretical  density.  The  magnitudes  of  the 
sintering  forces  estimated  from  the  data  of  Dawihl  and  Rix 
are  considerably  higher  than  the  values  found  for  copper  but 
are  reasonable  for  the  powder  particle  size  which  they 
reported  to  be  approximately  1 micron. 

Rahaman  et  al.  [28]  used  a loading  dilatometer  to  study 
sintering  behavior  of  CdO  powder  compacts  subjected  to 
stresses  between  0 and  0.25  MPa  at  973  to  1123  K.  They 
reported  that  the  sintering  force  decreased  with  increasing 
density  when  grain  growth  occurred.  Given  this  fact,  they 
inferred  that  if  grain  growth  is  minimal  or  absent,  the 
sintering  force  should  increase  with  the  density.  Moreover, 
they  argued  that  the  decrease  in  sintering  force  at  higher 
density  (>  80%)  may  be  due  to  pore  (grain)  growth  during  the 
late  stage  of  sintering.  This  observation  obviously  is  in 
conflict  with  the  present  results  and  those  reported  by 
Young  and  Gregg,  which  suggest  that  the  sintering  force 
increases  with  increasing  density. 

Surface  tension.  As  reported  earlier,  the  sintering 
forces  predicted  by  the  force  equation  agree  very  well  with 
experimental  values  in  the  range  of  density  corresponding  to 
the  end  of  the  first  stage  and  the  second  stage  of  sin- 
tering. Within  this  range,  the  average  value  of  surface 
tension  required  to  produce  such  agreement  is  1380  dynes  per 
cm  for  12-micron  particle  size  sintered  in  high  purity 
hydrogen.  This  value  is  consistent  with  that  measured  by 
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Gregg  and  Rhines  and  is  accurate  to  ± 5%  of  tidin' s initial 
value  [17].  Subsequently,  Udin  modified  the  energy  balance 
equation  by  inserting  a ''correction”  for  the  grain  boundary 
energy  [29],  which  is  about  400  dynes  per  cm.  In  the 
present  experimental  investigations  it  has  been  assumed  that 
the  contribution  of  the  grain  boundaries  to  the  measured 
force  is  nil.  This  assumption  is  based  on  the  following 
reasoning  and  the  earlier  experimental  evidence  [30]. 
Sintering  is  practically  a gas-solid  interface  process  in 
that  grain  boundaries  impinge  upon  this  interface  only  along 
lines  of  mutual  intersection.  Each  grain  boundary  trace  is 
commonly  marked  by  a shallow  vee-notch.  The  grain  boundary 
force  components  of  this  notch  along  the  direction  of 
particle  centers  can  be,  in  part  at  least,  cancelled. 
Therefore,  the  grain  boundaries  should  play  no  part  in  the 
measurement  of  the  surface  tension.  The  justification  for 
this  argument  is  shown  in  Figure  37,  which  represents  the 
combined  results  of  three  widely  different  sizes  of  copper 
powder  with  correspondingly  different  grain  size.  Here,  the 
sintering  force  (F/a)  is  seen  to  be  identically  related  to 
the  surface  curvature  Vv/Sv)  irrespective  of  particle 
(and  grain)  size.  Clearly,  the  contribution  of  grain 
boundaries  to  the  sintering  force  in  copper  is  not  signifi- 
cant. 

The  information  concerning  the  influence  of  atmosphere 
on  the  surface  tension  of  solid  copper  is  scanty.  Oriani 
[31]  reported  a value  of  1770  erg/cm2  for  solid  copper  in 


106 


y V M S , ( g/cm2  ) 

V V v 


Figure  37. 


Measured  sintering  force  for  copper  at  1000 °C 
versus  the  force  computed  from  the  micro- 
structure. 
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helium.  A lower  value  of  1720  erg/cm2  was  suggested  by 
Hondros  [32]  for  measurement  done  in  both  helium  and  in 
hydrogen.  Eremenko  [33]  reported  a value  of  1710  erg/cm2  in 
10"5torr  vacuum  condition.  All  of  these  results  were 
obtained  by  means  of  the  zero-creep  condition  in  fine  wires. 
It  can  be  seen  that  these  measurements  give  a higher  value 
than  reported  here  because  the  grain  boundary  forces  were 
taken  into  account  in  the  calculation.  Nonetheless,  these 
data  indicate  a constant  surface  tension  in  both  hydrogen 
and  helium,  lending  further  support  to  the  present  observa- 
tion. No  independent  measurement  is  as  yet  available  for 
carbon  monoxide. 

Sintering  process  and  its  mechanisms.  The  results 
presented  in  this  chapter  indicate  that  the  primary  influ- 
ence of  gas  atmosphere  is  to  alter  the  microstructural 
evolution  of  the  sintering  structure  beginning  very  early  in 
the  process.  Further  evidence  in  support  of  this  observa- 
tion is  provided  by  other  independent  experiments. 

Rhines  [34],  in  one  of  his  elegant  classical  experi- 
ments, studied  the  behavior  of  density,  pore  size  distribu- 
tion and  pore  shapes  of  precompacted  copper  powder  in  argon 
vacuum  and  hydrogen.  He  found  an  erratic  behavior  of  the 
shape  factor  and  lower  densif ication  rate  for  argon  sin- 
tering as  compared  to  hydrogen  sintering. 

Recently,  Gupta  [35]  reported  the  effect  of  argon 
atmosphere  on  the  microstructural  change  during  the  late 
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stages  of  sintering  of  nickel  powder.  He  observed  that  at 
the  same  solid  fraction,  the  surface  area  of  the  pore-solid 
interface  is  smaller  in  the  argon-sintered  structure  than  in 
the  hydrogen-sintered  one:  the  total  curvature  is  also  less 

negative.  By  using  a serial  sectioning  technique,  he 
further  showed  that  the  maximum  and  minimum  connectivities, 
as  well  as  the  number  of  isolated  pores  all  have  lower 
values  in  argon  than  in  hydrogen  sintering. 

From  all  these  facts,  it  is  clear  that  argon  coarsens 
the  topological  network  and  retards  the  densif ication  of 
sintering.  However,  the  opinions  about  mechanism (s) 
responsible  for  this  retardation  are  highly  varied  and  hence 
call  for  detailed  discussion. 

One  of  the  earlier,  and  perhaps  the  most  popular  view 
is  that  the  presence  of  an  oxide  coating  on  the  surface  of  a 
particle  plays  an  important  role  in  its  interference  with 
either  surface  diffusion  or  vapor  transport.  Only  in  the 
presence  of  hydrogen,  which  reduces  the  copper  oxide  at  the 
sintering  temperature,  may  the  normal  progress  of  densif ica- 
tion be  observed.  This  viewpoint  is  by  no  means  without 
flaw.  It  is  generally  true  that  among  the  four  conceivable 
mechanisms  [11]  that  are  postulated  for  the  sintering 
process,  surface  diffusion  and  vapor  transport  can  only 
produce  the  surface  shape  change  but  not  the  overall 
densif ication.  Given  this  fact,  it  may  be  inferred  that 
should  hydrogen  have  removed  the  copper  oxides,  and  there- 
fore promoted  surface  diffusion  and/or  vapor  transport,  a 


109 


minimization  of  surface  area  should  have  been  observed. 

This  is  clearly  in  conflict  with  the  present  observation, 
which  suggests  that  hydrogen  actually  promotes  densif ication 
over  surface  minimization. 

One  appealing  view  to  explain  the  effect  of  gas  on  the 
sintering  process  is  that  of  Gupta  [35] , in  which  the 
importance  of  surface  oxide  is  also  emphasized,  but  in  an 
opposing  way.  He  hypothesized  that  due  to  the  presence  of  a 
surface  oxide  which  cannot  be  reduced  in  argon  sintering  the 
surface-rounding  mechanism  will  prevail.  This  is 
accomplished  by  the  filling  up  of  cavities  and  the  leveling 
of  peaks  in  the  surface  topography  of  the  structure,  causing 
a decrease  in  the  surface  area  without  changing  the  density. 
Although  this  enhanced  surface-rounding  mechanism  in  argon 
sintering  fits  the  picture  described  in  the  present  study, 
it  is  difficult  to  visualize  how  such  an  enhancement  can  be 
induced  by  the  presence  of  irreducible  surface  oxide. 

An  interesting  experiment  conducted  by  Rhines  and  his 
co-workers  [36]  may  shed  light  on  the  role  of  surface  oxide. 
Two  kinds  of  tests  were  performed:  (1)  one  in  which  the 

surface  oxide  was  removed  by  prior  cleaning  in  hydrogen  at 
400 °C  and  compared  with  the  sintering  behavior  of  the  powder 
which  has  not  been  so  cleaned,  and  (2)  another  test  con- 
sisting of  producing  a deliberately  augmented  oxide  coating, 
by  heating  the  powder  in  air  prior  to  preparing  the  sample, 
and  then  comparing  the  sintering  behavior  of  the  product 
with  that  of  ordinary  powder.  The  results  shown  in  Table  17 
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Sample 

Number 

1 

2 

3 

4 


Table  17 

Effect  of  Surface  Oxide  Upon  Densif ication 

Copper  Powder  (-170  +200  mesh) 


Treatment  Prior 
to  Sinaering 

18  hrs.  at  405°C 
in  hydrogen 


Sintering 

Treatment 


10  min.  at  1011°C 
in  hydrogen 


Density 

fars/cc) 

5.11 


18  hrs.  at  405°C 
in  hydrogen 
17  hrs.  at  135°C 
in  air 


10  min.  at  1011°C 
in  hydrogen 


5.15 

5.15 


18  hrs.  at  405 ° C 
in  hydrogen 


10  min.  at  1011°C 
in  hydrogen 


4.91 


none  (as  received) 


10  min.  at  1011°C 
in  hydrogen 


4.90 


Ill 


show  that  the  effect  on  the  progress  of  densif ication  is 
negligible.  In  conjunction  with  this  observation,  it  needs 
to  be  pointed  out  that  in  arriving  at  the  present  results 
many  precautions  have  been  taken  to  assure  an  "oxygen-free" 
environment.  These  included  using  a gas  purification  system 
to  remove  oxygen  and  moisture  in  the  sintering  gases  before 
they  entered  the  furnace,  using  OFHC  copper  particles  and 
performing  a deoxidation  treatment  on  each  sample  powder  at 
200 °C  for  20-30  minutes  prior  to  sintering.  Admittedly, 
there  might  have  been  some  residual  oxide  on  the  particles. 
Nevertheless,  in  each  measurement  the  hydrogen  sintering 
consistently  shows  a higher  value  of  densif ication  rate, 
surface  area,  negative  value  of  total  curvature  and 
sintering  force.  The  role  of  oxide  film  is  thus  seen  to  be 
a minor  one. 

One  plausible  explanation  for  the  delay  of  both  the 
path  and  the  rate  of  geometric  change  caused  by  inert  gases 
and  carbon  monoxide  may  be  that  due  to  the  higher  adsorption 
of  inert  gases  and  carbon  monoxide  on  the  copper  surface 
[36].  Because  of  the  high  heating  rate  used  in  this  work, 
some  non-negligible  amount  of  these  gases  might  have  been 
adsorbed  on  the  copper  particles,  which  could  have  inter- 
fered with  all  the  transport  processes.  A similar  explana- 
tion was  also  offered  by  Warren  [37]  on  the  sintering  of 
cobalt  powders  in  carbon  monoxide. 


CHAPTER  III 

DISTRIBUTION  OF  SURFACE  CURVATURE 
IN  THE  SINTERED  STRUCTURE 

Introduction 

The  foregoing  investigation  has  shown  that  sintering 
atmosphere  has  a strong  influence  on  the  manner  in  which 
diffusional  transport  occurs  along  the  channels  and  pores  of 
the  powder  compact.  Additional  observations  on  the  effect 
of  the  atmosphere  composition  were  also  furnished  by  the 
measurement  of  the  sintering  force,  as  well  as  by  the 
surface  tension  during  sintering.  It  was  proposed  that  the 
modifying  effects  of  these  gases  on  the  sintering  force,  and 
hence  on  the  sintering  process  are  associated  with  the 
influence  of  these  gases  on  the  evolution  of  the  curvature 
and  surface  area  of  the  connective  pore  network  very  early 
in  the  process. 

The  work  now  described  was  planned  to  further  elucidate 
the  relation  between  the  curvature  behavior  of  the  sinter 
body  and  the  atmosphere  composition  with  an  emphasis  on  the 
evolution  in  the  initial  stage.  The  principal  tool  for  this 
study  is  the  measurement  of  the  distribution  of  the  local 
boundary  curvature  by  an  extension  of  the  " tangent  point 
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measurement"  devised  by  Rhines  and  Chang  [38].  The  results 
show  that  the  measured  distribution  of  surface  curvature  in 
the  two-dimensional  structure  lies  in  a log-normal  curve; 
moreover,  the  standard  deviation  of  the  curve  varies  with 
the  atmosphere  composition.  This  finding  provides  a strong 
confirmation  of  the  prominent  role  of  the  gas  atmosphere 
described  in  the  foregoing  chapter. 

Mechanics  of  Measurement 

Consider  a two-phased  aggregate  wherein  the  particles 
of  the  lesser  phase  are  randomly  arranged  in  space,  but 
otherwise  unrestricted  with  respect  to  size,  shape,  and 
degree  of  similitude.  Cut  a random  two-dimensional  section 
through  this  material  and  prepare  it  as  a metallographic 
section.  A line  element  is  moved  parallel  to  itself  across 
this  section  to  sweep  out  unit  area  of  the  structure.  As  it 
moves  the  points  of  tangency  that  it  makes  with  the  outlines 
of  the  particles  are  marked  on  their  image.  The  manner  of 
translation  of  the  test  line  is  immaterial,  so  long  as  the 
line  passes  over  each  point  in  the  area  once  and  only  once; 
that  is,  the  test  line  could  as  well  rotate  through  the 
entire  section.  This  procedure  is  repeated,  with  the  direc- 
tion of  the  sweeping  line  rotated  by  a small  angle,  for 
example,  15°,  as  shown  in  Figure  38.  In  this  way,  a set  of 
segments  of  planar  arc  is  generated,  as  shown  in  Figure  39. 
It  can  be  shown  that  each  segment  of  arc  is  related  to  the 
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Figure  38. 


A pair  of  tangent  points  formed  by  two 
sweeping  lines,  15°  apart. 
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Figure  39. 


Illustration  of  positive  and  negative  pairs 
produced  by  one  sweep  across  the  area. 
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local  curvature  of  the  boundary,  although  not  simply. 

Because  each  arc  subtends  the  same  angle  (i.e.,  15°),  the 
arc  lengths  are  proportional  to  their  respective  cord 
lengths.  The  measured  arc  lengths,  obtained  in  this  way  are 
classified  according  to  length,  and  the  number  in  each 
length  class  is  counted.  The  arcs  may  be  further  identified 
as  belonging  to  a convex,  or  concave  segments  of  boundary. 
Convexity  is  taken  as  that  curvature  which  can  enclose  solid 
particles  in  a sinter  body,  concave  surface  being  that  which 
can  enclose  a pore. 

Distribution  of  Surface  Curvature 

The  measurements  were  made  on  a series  of  samples  that 
were  sintered  for  increasing  lengths  of  time  in  hydrogen. 

The  collection  of  different  segments  of  surface  curvature 
were  summarized  in  the  orderly  form  of  a frequency 
distribution.  This  was  done  by  grouping  the  raw  data  into 
adjoining  classes  of  measurements.  The  class  width  was 
selected  to  cover  the  entire  range  of  measurements,  which 
depends  on  the  magnification  of  microsection  in  the  sample. 
An  example  of  these  observations  is  provided  in  Table  18, 
which  was  obtained  on  a specimen  of  partly  sintered  copper 
powder  that  has  a volume  friction  of  70%  of  the  solid.  The 
raw  data  are  given  in  the  first  three  columns  of  the  Table. 
Although  arc  length  cannot  be  associated  directly  with 
specific  surface  curvature,  the  collection  of  arcs  in  each 
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Table  18 

Frequency  Distribution  of  Arcs 

Number  of  Cumulative 


Arcs 

in  Class 

Freouencv 

1 iclltl  L-ll 

MidDoint  (mm) 

Concave 

Convex 

Concave 

Convex 

1 

166 

80 

0.588 

0.311 

2 

70 

71 

0.836 

0.587 

3 

22 

33 

0.914 

0.715 

4 

11 

26 

0.953 

0.817 

5 

6 

13 

0.974 

0.867 

6 

1 

9 

0.978 

0.902 

7 

3 

7 

0.989 

0.929 

8 

0 

5 

0.989 

0.949 

9 

2 

2 

0.996 

0.957 

10 

1 

2 

1.000 

0.964 

11 

0 

2 

0.972 

12 

0 

2 

0.980 

13 

0 

3 

0.992 

14 

0 

1 

0.996 

15 

0 

1 

1.000 
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size  class  is  composed  statistically  of  the  same  set  of 
microsection  through  the  surface.  Accordingly,  the 
difference  between  size  classes  is  simply  the  curvature  of 
surface  with  which  each  is  associated.  The  cumulative 
fractions  of  the  size  classes  were  computed  and  recorded  in 
Columns  4 and  5 of  Table  18.  When  the  cumulative  fraction 
is  plotted  on  a Gaussian  probability  plot  as  a function  of 
the  logarithm  of  the  class  length,  the  resulting  plot  is  a 
straight  line  (Figure  40) . The  slope  of  this  line  (ln<Jv)  is 
the  geometric  standard  deviation  of  the  distribution  of  arc 
lengths,  which  is  seen,  thus,  to  be  log-normal.  The  results 
of  measurements  which  were  made  on  a series  of  samples  that 
were  sintered  for  different  periods  of  time  in  hydrogen, 
argon  and  carbon  monoxide  are  presented  in  Figures  41 
through  46.  These  results  individually  exhibit  the  log- 
normal distribution. 

As  can  be  seen  from  the  graphs,  the  slope  and  the 
positions  of  the  log-normal  line  change  with  increase  in 
density  throughout  the  sintering  process.  Sintering  in 
argon  and  carbon  monoxide  also  yield  measured  distributions 
that  exhibit  the  log-normal  straight  line.  The  influence  of 
atmosphere  composition  is  apparent  in  the  position  and  slope 
of  the  plots  with  respect  to  those  for  sintering  in  hydro- 
gen; the  progress  toward  densif ication  is  more  rapid  in 
hydrogen.  Although  the  curvature  of  the  surface  of  sintered 
copper  is  highly  irregular,  its  distribution  can  be  char- 
acterized by  its  standard  deviation,  lnav.  This  provides  a 
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Figure  40. 


Log-normal  plots  of  the  data  of  Table  18. 
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Figure  41.  Cumulative  frequency  of  convex  curvature. 
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Figure  42.  Cumulative  frequency  of  concave  curvature. 
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Figure  43. 


Cumulative  frequency  of  convex  curvature. 
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Figure  44.  Cumulative  frequency  of  concave  curvature. 
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Figure  45. 


Cumulative  frequency  of  convex  curvature. 
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Log  of  Chord  Length 


Figure  46. 


Cumulative  frequency  of  concave  curvature. 
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measure  which  can  be  used  to  describe  the  change  in  surface 
that  occurs  in  the  course  of  sintering  (Figure  47)  . On  this 
chart  are  plotted  the  geometric  standard  deviation  of  the 
convex  curvature  distribution,  which  relates  to  the  initial 
enclosure  of  copper  particles,  and  that  of  the  concave 
enclosure  of  copper  particles,  and  that  of  the  concave 
curvature  which  relates  to  the  pores  as  these  become  more 
rounded  toward  the  conclusion  of  sintering. 

Discussion 

Distribution  Behavior  During  Sintering 

The  principal  observations  of  the  curvature 
distribution  performed  in  this  chapter  can  be  listed  as 
follows. 

(1)  The  size  distribution  of  the  2-dimensional 
curvatures  consistently  well  approximated  by  the 
log-normal  distribution. 

(2)  The  curvature  distribution  maintained  a constant 
relative  width  (i.e.  constant  In  v)  during  the 
sintering  process,  with  only  their  mean  value 
being  displaced  to  a larger  value. 

(3)  The  relative  width  of  the  distribution  was  vari- 
able with  the  gas  composition. 

Figure  47  shows  that  the  width  of  the  convex  and  con- 
cave distributions  remain  almost  constant  during  the  second 
stage  of  sintering  (from  about  65%  dense  to  85%  dense). 


Argon 
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Figure  47.  Variation  of  the  standard  deviation  with 
the  volume  fraction  of  porosity. 
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These  measurements  imply  that  the  pore  channels  are  homo- 
geneously decreasing  in  diameters,  while  the  size  distribu- 
tion of  their  curvature  retain  a constant  form.  This 
conforms  previous  hypothesis  that  the  structures  formed  in 
second  stage  of  sintering  are  quantitatively  indistinguish- 
able for  a scale  factor. 

Below  a density  of  about  65%  the  width  of  the  distribu- 
tion of  the  convex  curvature,  describes  what  happens  to  the 
original  powder  particles,  descends  rapidly  from  an 
originally  high  value,  imposed  by  the  original  particle 
shapes  and  sizes,  to  a low  value  at  the  beginning  of  steady 
state  sintering  and  thereafter.  As  the  surface  becomes 
smoother  during  sintering,  the  smaller  protuberances  of  the 
surface  disappear  progressively  and  the  convexity  remaining 
at  steady  state  sintering  is  reduced  to  that  at  junctions 
between  channels  of  the  porous  network. 

The  concave  surface  below  65%  density  changes  much  less 
in  respect  to  its  width  of  curvature  distribution.  This 
part  of  the  surface  originates  in  the  saddle  surface  of  the 
necks  that  connect  original  particles  and  spreads  until  it 
connects  with  other  saddle  surfaces.  In  so  doing,  it 
defines  channels  of  the  network.  The  whole  scale  of  the 
network  decreases  as  sintering  progresses,  while  its  size 
distribution  maintains  a nearly  constant. 

Figure  47  also  illustrates  the  effect  of  gas  atmosphere 
on  the  width  of  the  resulting  curvature  distribution.  The 
effect  is  seen  to  take  place  at  the  low  density.  This  seems 
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to  lend  further  weight  to  the  previous  observations  which 
suggested  that  gas  atmosphere  alters  the  framework  of  the 
structure  at  the  very  early  stage  of  sintering. 

Relation  to  average  curvature.  KL , and  average  mean  surface 
curvature.  H. 

Previously,  DeHoff  [39]  has  used  a similar  "tangent 
point  measurement"  technigue  to  evaluate  the  average 
curvature  particle  outline  in  the  two-dimensional  section. 

In  DeHoff' s work,  the  average  curvature,  KL,  is  estimated 
through  the  line  integrals  in  which  the  curvature  is 
averaged  the  domain  of  arc  length. 
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where  0nel  is  the  net  angle  subtended  by  the  curves  under 
observation  and  L„et  is  the  total  length  of  these  curves. 

In  contrast,  in  the  present  work  the  average  curvature, 
k0,  is  evaluated  through  the  angle  integrals  in  which  the 
curavature  is  being  averaged  over  the  subtended  angle. 


130 


Jekde  Jekfldl  jLk2dl  ^ 
Jede  =Jfldi  = JLkdl=  \ 


Since  kL  is  essentially  the  first  moment  of  the  curva- 
ture distribution  and  kL2  is  the  second  moment  of  the  curva- 
ture distribution,  k can  be  related  to  kL  as 


where  n2  indicate  the  first  and  second  moments  of  the 
distribution,  respectively. 

It  has  been  shown  [40],  for  log-normal  distribution, 
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where  c.v.  is  the  coefficient  of  variance  of  the 
distribution  lnag  is  the  standard  deviation  of  the  distribu- 
tion. 

DeHoff  has  demonstrated  that  the  average  curvature, 
kLwhich  relates  to  the  pores  as  these  become  rounder  toward, 
can  be  related  to  the  average  mean  surface  curvature,  H,  by 


Thus,  the  average  curvature,  k0,  can  be  linked  to  the 
average  mean  surface  curvature,  H,  as 

j?  = - [l+(c.v.  )2] 

H 11 

The  correlation  between  k0  and  H is  significant  in  that 
the  frequency  distribution  of  the  local  curvature  of  solid- 
pore  interface  as  well  as  the  average  mean  surface  curvature 
in  the  structure  can  now  be  elevated  at  the  same  time  from  a 
simple  tangent  point  measurement,  which  is  devised  in  the 
present  work.  The  result  is  quite  independent  of  the 
geometric  or  even  topological  nature  of  the  interface  being 
studied. 


CHAPTER  IV 

CHANNEL  NETWORK  DECAY  IN  SINTERING 
Introduction 

A knowledge  of  the  arrangement  of  nodes  and  branches  in 
the  three-dimensional  pore  network  is  imperative  for  a 
thorough  understanding  of  the  sintering  process.  Efforts  in 
gaining  such  knowledge  have  been  constrained  by  the 
difficulty  in  obtaining  the  actual  internal  structure  of 
porous  compacts.  With  the  advent  of  a new  replica  tech- 
nique, however,  it  has  been  found  possible  to  gain  three- 
dimensional  information  on  sintered  structures.  This 
chapter  presents  some  preliminary  findings  of  this 
undertaking,  which  supports  a newly  developed  view  that  the 
decay  of  the  topological  network  of  channels  and  junction 
pores  (i.e.,  sintering)  is  directly  comparable  to  other 
network  decay  processes,  such  as  that  of  grain  growth  in  a 
polycrystalline  aggregate,  wherein  surface  tension  both 
drives  and  directs  the  geometric  change  that  occurs. 

Three-Dimensional  Replica  of  the  Pore  Network 

It  has  been  postulated  by  Rhines  [41]  that  the  node- 
branch network  of  the  porosity  is  analogous  to  the  triple 
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line-quadruple  point  network  in  polycrystals  (see 
Figure  48) . If  this  concept  can  be  demonstrated,  then  the 
evolution  of  the  pore  network  may  occur  by  a process  that 
is  the  analog  of  the  evolution  of  the  grain  edge  network 
during  grain  growth.  To  test  this  theory,  a procedure  was 
developed  which  would  permit  direct  visualization  of  the 
structure  of  the  pore  network.  A sintered  sample  is 
prepared  and  impregnated  with  a liquid  monomer  (furfuryl 
alcohol  catalyzed  with  4N  HC1  in  the  ratio  of  20/2  by 
volume)  which  is  polymerized  in  situ.  Once  the  polymer 
is  set,  an  etching  solution  (NH)3  saturated  with  (Cr03) 
was  used  to  dissolve  the  copper  matrix.  With  proper  care, 
the  polymer  skeleton  accurately  represents  the  pore  net- 
work. The  plastic  skeleton  was  coated  with  a gold- 
palladium  mixture  by  vacuum  evaporation  and  examined  in 
the  SEM. 

Figure  49  shows  a general  overall  view  of  the  replica. 
Figure  50  shows  a close-up  of  the  pore  network.  As  antici- 
pated, a quadruple  junction  of  the  channels  is  clearly 
evident.  The  channels  of  a sinter  body  do,  indeed,  prefer 
to  meet  in  sets  of  four,  just  as  do  the  edges  of  a poly- 
crystalline aggregate. 

The  most  dramatic  three-dimensional  effect  is  obtained 
by  stereomicroscopy  (see  Figures  51  to  57) . The  presence  of 
the  quadruple  point  junctions  is  also  clear. 
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Nodes 


a) 


o 


b) 


(a)  The  quadruple-point  triple-line  node-branch 
network  in  a polycrystal.  (b)  quadruple-point 
and  triple  lines  in  a polycrystalline  grain 
structure  [41]. 


Figure  48. 
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Figure  49. 


Scanning  electron  micrograph  of  the  replica  of 
the  pore  network.  Volume  fraction  of  porosity 
is  0.30. 
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Figure  50. 


SEM  close-up  of  pore  network  showing  quadruple 
point  junction. 


137 


Figure  51. 


Stereomicrography  of  the  replica  pore  network. 
Vv  is  66%. 
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Figure  52. 


Stereomicrography  of  the  replica  pore  network. 
Vv  is  69%. 
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Stereomicrography  of  the  replica  pore  network. 
Vv  is  72.5%. 


Figure  53. 
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Figure  54 . 


Stereomicrography  of  the  replica  pore  network. 
Vv  is  75%. 
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Figure  55. 


Stereoxnicrography  of  the  replica  pore  network. 
Vv  is  76.5%. 
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Figure  56. 


Stereomicrography  of  the  replica  pore  network. 
Vv  is  78%. 
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Stereomicrography  of  the  replica  pore  network. 
Vv  is  82%. 


Figure  57. 
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Distribution  of  Circuits  in  the  Cut  Set 

Pursuing  the  analogy  between  grain  growth  and 
sintering,  it  is  proposed  that  the  rate  of  sintering  may 
besimply  related  to  the  fraction  of  three-channel  circuits 
in  the  channel  network.  In  order  to  ascertain  merely  the 
fraction  of  three-channel  circuits,  it  is  not  necessary  to 
know  how  the  network  is  constructed,  but  only  how  its  cir- 
cuits are  distributed.  Since  the  circuits  are,  themselves, 
two-dimensional,  it  is  possible  to  obtain  this  kind  of 
information  from  a special  two-dimensional  section  known  to 
topologists  as  a "cut  set."  If  the  network  is  separated 
into  two  parts,  by  cutting  a minimum  sequence  of  branches, 
the  two  sides  of  the  cut  are  composed  of  two-dimensional 
nets  that  sample  the  circuits  of  the  three-dimensional 
network  randomly.  Thus,  the  fraction  of  three-circuits  can, 
in  principle,  be  determined  from  the  two-dimensional  cut 
surface.  This  has  been  done  by  the  inspection  of  the  sur- 
faces of  fractures  through  the  sinter  body. 

The  replica  technique  is  used  in  this  study.  The 
structure  in  Figure  58  represents  a copper  sintering,  made 
from  48-micron  powder,  sintered  two  hours  at  1000°C.  Upon 
the  screen  of  an  optical  microscope,  or  upon  an  SEM  photo- 
graph, the  channels  are  traced  to  obtain  a line  network 
(Figure  59) . Each  space  in  this  net  is  then  identified  with 
the  number  of  its  enclosing  edges  and  these  are  classified 
and  enumerated  (Figure  60) . When  plotted  as  a log-normal 
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Figure  58. 


Tracing  of  the  channel  network  from  SEM 
micrograph. 
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Figure  59. 


Tracing  of  the  channels  on  the  fracture  surface 
of  Figure  56. 
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Figure  60 


Frequency  of  channel  circuits 
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graph  (Figure  61) , these  data  produce  a straight  line,  just 
as  do  the  number  of  edges  on  the  facets  of  a polycrystalline 
aggregate. 

The  slope  of  this  line,  lnav,  defines  the  standard 
deviation  of  the  circuit  topology  and  establishes  the  frac- 
tion of  three-circuits  in  the  system.  When  the  original 
particles  are  of  similar  size  and  shape,  the  distribution  is 
expected  to  be  narrow  and  the  fraction  of  three-circuits 
relatively  small,  corresponding  with  a slow  rate  of 
sintering.  By  varying  the  original  powder  mix,  the  distri- 
bution of  circuits  may  be  broadened,  with  an  expected 
acceleration  of  sintering. 

Topological  Transformation  in  Steady  State  Sintering 

Polycrystalline  grain  growth  has  been  shown  to  occur  by 
the  collapse  of  three-edged  crystal  facets.  Figure  62.  This 
is  the  only  topological  process  that  can  proceed  spontane- 
ously, with  a continuously  decreasing  energy,  because  in  it 
the  surface  area  diminishes  monotonically . All  other  decay 
processes  resolve  themselves  into  a series  of  three-edged 
facet  collapses.  When  a three-edged  facet  collapses,  the 
system  always  loses  two  edges  (branches)  and  one  quadruple 
point  (node) . This  is  necessarily  true  of  any  network 
existing  under  the  directing  force  of  surface  tension. 

An  altogether  analogous  process  for  the  case  of 
sintering  is  given  in  Figure  63a,  b and  c.  The  top  sketch 
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Channel  Circuits 


Figure  61 


Log-normal  plot  of  channel  frequency 


150 


Figure  62. 


Topological  changes  accompanying  annihilation 
of  a three-sided  face  during  grain  growth. 
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Figure  63.  Illustration  of  the  collapse  of  a triangular 
circuit  during  network  decay. 
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represents  a three-channel  loop  composed  of  three  quadruple 
junctions  of  channels,  connected  by  three  channels.  When 
the  loop  of  the  three-circuit  collapses  (Figure  63b) , there 
exists  momentarily  a single  junction  from  which  six  channels 
emerge.  This  is  an  unstable  configuration  under  the 
directing  influence  of  surface  tension,  which  must  divide 
into  one  composed  of  two  quadruple  junctions  connected  by  a 
single  channel  (Figure  63c) . The  number  of  externally 
connecting  channels  remains  at  six  throughout  this  trans- 
formation, so  that  no  change  in  the  structure  external  to 
the  three-channel  circuit  is  called  for.  But,  internally 
two  channels  and  one  quadruple  junction  are  lost.  This 
represents  a net  loss  of  pore  volume  corresponding  approxi- 
mately with  the  volume  of  the  missing  elements,  because  the 
entire  connecting  system  must  adjust  to  keep  all  nodes  as 
quadruple  junctions  with  angles  of  109°  + between  branches. 
Elimination  of  the  void  volume  must  be  accomplished  by  the 
contraction  of  the  system  as  a whole  by  plastic  deformation. 
As  a topological  process  it  occurs  one  bite  at  a time,  each 
bite  being  of  almost  equal  volume,  because  it  results  from  a 
similar  topological  change.  It  will  be  recalled  that  DeHoff 
and  Aigeltinger  had  shown  that  densif ication  is  proportional 
to  the  reduction  in  the  connectivity  of  the  channel  network. 
Each  collapse  constitutes  a step  in  this  sequence. 


Summary 


From  the  foregoing  argument,  it  is  believed  that  the 
densif ication  mechanism  has  its  origin  in  the  existence  of 
three-channel  circuits,  which  tend  to  collapse  spontane- 
ously, under  the  influence  of  surface  tension,  implemented 
by  diffusion.  The  rate  of  diffusion  is  not  fixed,  because 
it  must  increase  as  the  circuit  is  shrinking,  becoming 
catastrophic  as  final  closure  is  approached.  Relief  of  the 
curvature  imbalance,  created  by  this  event,  is  expected  to 
begin  rapidly  and  taper  off  as  the  wave  of  adjustment 
spreads.  Only  in  the  sense  that  the  same  pattern  is  dupli- 
cated at  each  site  of  topological  transformation,  can  the 
diffusional  transport  be  considered  regular.  With 
approaching  equalization  of  the  surface  stress  the  sintering 
force  rises  and  the  pore  volume  is  reduced  by  contraction 
in  creep.  The  volume  change  is  proportional  to  the  volume 
of  one  topological  unit,  composed  of  two  channels  and 
one  connecting  four-channel  junction.  The  creep  rate  is 
throttled  by  the  sintering  force,  accelerating,  or  decel- 
erating, according  to  the  degree  of  load  of  this  force. 

Since  the  change  in  the  sintering  force  depends  on  the 
change  in  connectivity,  which  in  turn  is  paced  by  diffusion, 
it  follows  that  the  process,  as  a whole,  should  be  con- 
trolled by  the  rate  of  diffusion.  This  conclusion  is  hardly 
surprising,  because  sintering  has  long  been  recognized  as  a 
process  having  the  thermodynamic  characteristics  of  rate 
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control  by  diffusion.  The  factor  which  is  new  is  the  inter- 
connection between  structural  evolution  under  the  control  of 
diffusion  and  densif ication  through  creep,  provided  by 
topological  decay  of  the  pore  network. 


CHAPTER  V 
CONCLUSION 


1)  Argon,  helium,  nitrogen,  chloride  vapor  and  various 
mixtures  of  these  gases  produced  relatively  little 
effect  upon  the  surface  tension  of  solid  copper;  carbon 
monoxide  lowered  the  surface  tension  significantly. 

2)  The  gas  composition  also  had  strong  influence  upon  the 
evolution  of  microstructure.  The  effects  were  found  to 
delay  the  microstructural  change  incomparison  with  that 
produced  in  hydrogen. 

3)  There  is  now  a strong  indication  that  the  sintering 
force  is  not  controlled  entirely  by  surface  tension, 
but  also  responds  to  the  nature  of  sintering  gases. 

All  of  the  above  gases  suppressed  the  sintering  force 
to  some  extent.  The  retarding  effects  were  approxi- 
mately proportional  to  the  concentration  in  the  gas 
mixture. 

4)  The  dominant  role  of  sintering  atmosphere  is  not  that 
of  controlling  the  driving  force  of  sintering,  but 
rather  in  determining  the  specific  rate  of  surface 
change.  An  important  effect  of  atmosphere  is  an 
alteration  of  the  competition  between  densif ication  and 
surface-rounding  mechanisms  during  the  first  stage  of 
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sintering,  so  as  to  produce  topological  changes  that 
alter  the  framework  established  at  the  onset  of  the 
second  stage. 

5)  The  size  distribution  of  the  2-dimensional  curvature 
are  consistently  log-normal  in  form.  The  distribution 
maintains  a constant  relative  width  (i.e.  constant  In 
v)  during  the  sintering  process,  with  only  its  mean 
value  being  displaced  to  a larger  value. 

6)  The  relative  width  of  the  distribution  is  variable  with 
the  gas  atmosphere  composition. 

7)  Initial  investigations  of  the  three-dimensional 
character  of  the  pore  network  by  direct  SEM  observa- 
tions upon  replicas  of  the  pore  structure  support  the 
concept  that  the  node-branch  network  of  the  porosity  is 
analogous  to  the  triple  line-quadruple  point  network  in 
polycrystals,  with  branches  tending  to  meet  at  balanced 
angles  of  109°.  This  concept  has  led  to  the  tentative 
conclusion  that  the  evolution  of  the  pore  network 
mayoccur  by  a process  that  is  the  analog  of  the 
evolution  the  grain  edge  network  during  grain  growth. 
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